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ABSTRACT
[Secret]

NRL's Madre research radar has been used for 11 years in a long-term
investigation of the applicability of high-frequency ionospheric radar for de-
tecting and tracking over-the-horizon aircraft and launch-phase rocket vehi-
cles. Associated with this investigation is a concurrent and complementary
study of the ionosphere as a prop,,ating medium and of the earth as a scat-
terer for decameter electromagnetic waves.

An ionospheric ray-tracing program has been developed to perform a
propagation analysis which uses ionosonde data from stations located along
the transmission path to describe a family of propagation rays between the
radar site and a selected target region. This program permits ground-
backscatter profiles to be synthesized and compared with observed ground-
backscatter data and allows the adjustment of such parameters as the angular
dependence of the earth's scattering coefficient and nondeviative absorption
of the electromagnetic energy in the ionosphere, to achieve a fit to the ob-
served data. The resultant propagation model is used to predict the behavior
of a launch-phase missile's signature as detected by an over-the-horizon
radar under appropriate propagation conditions.

The results of this computer-aided propagation analysis were compiled
for several Polaris missile launches on the Eastern Test Range and were
then compared with data acquired by the Madre radar. The ray-tracing tech-
nique has been generally quite successful, for the cases treated, in predicting:

(a) the position and the extent of the ground-backscatter echo,

(b) the locations and the relative amplitude of localized peaks and nulls
in the illumination caused by ionospheric layer structure,

(c) the onset and the loss time of missile signatures (with some excep-
tions),

(d) the doppler shift of missile signatures, including multipath effects,
and

(e) the temporary losses of signal due to voids in the illumination of the
missile.

PROBLEM STATUS

This is the final report on USAF MIPR FD2310-7-0016, Project 673A.
Work will be continued on this and associated problems under different
sponsorship.

AUTHORIZATION

NRL Problem RG2-23
USAF MIPR FD2310-7-0016

Manuscript submitted April 5, 1968.
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APPLICATIONS OF COMPUTER-AIDED IONOSPHERIC RAY-TRACING
TECHNIQUES TO THE ANALYSIS OF OVER-THE-HORIZON

RADAR SIGNATURES FROM LAUNCH-PHASE ROCKETS

iNTRODUCTION

The Madre Research Radar

The Madre research radar is a coherent, moving-target-indicating radar developed
by NRL to investigate the utility of high-frequency ionospheric propagation for extending
the useful range of radar beyond the geometric horizon. Using single-hop ionospheric
propagation alone, the range limit of surface-based radar may be xtended from a line-
of-sight maximum range of some tens of nautical miles (for near-surface coverage) to
an over-the-horizon maximum range of more than 2200 naut mi. Multihop propagation
may, under relatively normal, favorable circumstances, permit even greater range
coverage. A second attractive feature of ionospheric radar, quite independent of its
range-extending feature, is its illumination of the entire region between the earth's sur-
face and the ionospheric reflection height in all the range intervals illuminated. Thus the
threat of fly-under is eliminated, and the potential warning time for missile attack can be
near the instant of launch.

The Madre research radar has evolved over 11 years from a low-power, fixed-
frequency device with a rudimentary crosscorrelation analysis feature (1-4) into a
powerful, flexible tool for investigating radar signal-processing techniques and for study-
ing a variaty of radar illumination and target discrimination problems. The Madre
radar's employment has diversified along with its evolution, and its initial direction
Loward investigating the feasibility of using coherent signal-processing methods to extract
the low-amplitude echoes of over-the-horizon a.:'zraft from a noisy environment has
sprouted branches in many new directions, inchc,•'.ng radar-astronomical studies of the
moon (5,6), studies of around-the-world radio propagation, high-altitude nuclear explo-
sions (7,8), the characteristics of ground backscatter, high-frequency channel avail-
ability (9), and, most significantly, investigations of ionospheric radar's applicability to
detecting ballistic missile launches. Despite this diversification, Madre's commitment
to investigate long-range aircraft echoes has been preserved, and an extensive series of
successful over-the-horizon aircraft-tracking experiments has been conducted (10-16).

The Madre research radar uses a 4.6-Mw-peak-power, 100-kw-average-power
transmitter, capable of operating over a frequency band extending from 10 MHz to 27
MHz. An elevated corner-reflector antenna, rotatable in azimuth, is used for observing
the Eastern Test Range. The ce: 'er of this antenna is approximately 205 ft above the
surrounding terrain, which is the effective reflecting surface at most azimuthal positions
(including the direction of the Eastern Test Range), and is 315 ft above the surface of the
Chesapeake Bay, which forms the reflecting surface for easterly propagation. This an-
tenna consists of a pair of horizontal dipole elements placed in a 90- by 70-ft-aperture
corner reflector. Figure 1 is a photograph of the rotatable antenna taken from the north
with the camera pointing in the general direction of the Eastern Test Range. The reflect-
ing surface at ground level is gently rolling, forested land. The broadside array to the
left and below'the rotatable antenna in Fig. 1 is used for studies of over-the-horizon air-
craft and radar and radio astronomy experiments. Figure 2 is a plot of the estimated
effective gain of the rotatable antenna over most of its operating band. The gain figures
shown in Fig. 2 contain an estimated 5-dB enhancement above free-space gain, due to an
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I

FREQUENCY (M~z)

Fig. 2 - Estimated effective gain vs
frequency for the rotatable antenna's
principal, lobe (including an assumed
5-dB ground enhancement)

0 Is I

S assumed, imperfect ground-plane enhance-
ment. Figure 3 shows the estimated eleva-
tion position versus frequency for the first

three lobes of this antenna when it points in
a direction in which the surrounding terrain
serves as a reflecting surface; coverage

Fig. 1 - View from the north of from below 1-degree elevation to 30 degrees
the elevated rotatable antenna elevation is provided over the operating
and the fixed broadside array bandwidth. Figure 4 presents a measured
(end view) elevation-plane pattern for the rotatable an-

tenna near midband showing the excellent
3o coverage at this frequency in the 2-degree to

7-degree elevation region. This region is important
for F-layer transmission to the Eastern Test Range.
This pattern, and similar data obtained at two fre-

24 THIRD LOBE quencies near the lower and the upper extremes ofMadre's operating bandwidth, was acquired with a
specially ir strumented KC-135 aircraft from Rome

U Air Development Center, which flew a series of pat-
18 tern flights for NRL in the spring of 1966.

SSECON C Figure 5 is a plot of the approximate half-power
Z LOBE beamwidth in the azimuthal plane for this antenna

2 ,2 over its operating bandwidth. Irregularities in the
P- terrain to the south of the antenna probably cause its

_ pattern to deviate somewhat from the estimated pa-W rameters in Figs. 2, 3, and 5.

6 FDuring the six years in which the Madre researchradar has been used in its high-power configuration,the wide variability of the propagation conditions which
0 1 have been encountered and the disparate nature of the
10 20 266 missile trajectories which have been studied have

FREQUENCY (MHz) permitted a variety of propagation/illumination cir-

Fig. 3 - Lobe elevation vs cumstances to be investigated. Indeed, there have
center frequencies for the been so many differences between the circumstances
rotatable antenna surrounding the launches, even of identical missiles
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Fig. 4 - Measured elevation-plane
pattern of the rotatable antenna at
15.6 MHz, with the antenna ori-
ented in a southerly direction

WU. 50

40

• ~ROTATABLE ANTLNNA
a~30 OE-A

3:0 ROTATABLE ANTENNA

,•20 TWO-WAY

i0 14 18 22 26
tFREQUENCY 

(MHz)

SFig. 5 -Azimuthal half-power beamnwidth vs
•.frequency for the r- 'atable antenna

S~along nearly identical trajectories, that only the grosse•,t correlation has been possiblet between the results of these launches. The antenna parameters illustrated in Figs. 2
through 5 represent just a few of the many variables with which the true radar-echoing

Sbehavior of a missile is convolved iii these data.

S~It is important for the reader to be familiar with the characteristics of the MadreSsignal processor in order that he ruay iully understand the results pres~ented below.
i The Madre radar is, basically, a coherent pulse-doppler radar in which the spectral

~integrity of the transmitted signal, and of the received signals, are preserved through allSSECRET
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mixing, filtering, and storage processes, permitting a coherent juxtaposition of all echo
data received over a period as long as 20 sec.

The rotating magnetic drum and the scanning doppler filter which form the heart of
the Madre signal processor were initially designed for extracting weak signals from
remote, stable-velocity targets. A coherent integration time, or predetection filter band-
width, was selected to exploit the expected doppler-frequency stability of constant-velocity
target echoes received over an ionospheric path, and a ±0-sec integration time (equivalent
to 1/10-Hz filter bandwidth) was chosen.

In performing this 10-sec coherent integration, the rotating magnetic drum has
stored upon it range-gated signal information in a bipolar video (or "undetected" video)
format for a 20-sec period. This information is stored in a way that permits the accu-
mulated signal information from all range gates to be read off the drum in a fraction of
a second through an equivalent 1/10-Hz scanning doppler filter. For constant-velocity
targets, which, for the purpose of this description, are defined as targets whose doppler-
shifted radar echo remains within a single 1/10-Hz filter bandwidth for at least 20 sec,
the total predetection signal-to-noise ratio enhancement achieved in this coherent inte-
gration can be as great as 33 dB, depending on the pulse-repetit'ion frequency (prf).

Although the 10-sec coherent integration most fully exploits the 20-sec storage fea-
ture of the Madre drum for constant-velocity targets, an alternative 3-sec (or 1/3-Hz
filter bandwidth) coherent-integration feature permits the study of targets whose veloci-
ties are less stable. When used with 20 sec of prstdetection integration, and with a rela-
tively high signal-to-noise ratio, this wider-band coherent-pulse-doppler processing can
approach full exploitation of the Madre storage time. A 1-Hz filter is also provided for
some types of signal processing. and this filter has been used for the investigation de-
scribed in this report.

A second type of velocity-processing, independent of the Madre magnetic drum and
its 20-sec storage feature, is provided by a Kay Electric Company Sonalyzer, which per-
mits an effective 1/3-sec coherent integration (or 3-Hz bandwidth predetection filtering)
to be performed on moving-target echoes. The analysis provided by this 3-Hz bandwidth
filtering of received echo information is often useful in studying the short-period behav-
ior of relatively large signals from rapidly accelerating targets.

A third type of signal analysis, and one which displays the dual attractions of (a)
sensitivity to small echoes and narrow resolution bandwidth, plus (b) the ability to em-
ploy this sensitivity and resolution to rapidly accelerating targets, is provided by an
accelerat'on-proces3ing feature which has been developed as part of the Madre program.
This fewmire permits at least a 3-sec coherent integraton time to be retained, even for
accelerating targets, by use of a series of shifting doppler filters whose center frequen-
cies can be shifted with time to match the acceleration profiles of a wide variety of mis-
siles (17-20). Refinements of each of these signal processing methods have permitted
the amplitude spectra of received target echoes to be acquired for purposes of detailed
analysis, and a study of the amplitude spectra for selected missile tbrgets is planned as
a later part of the study presented in this report.

An additional feature of the Madre research radar, which is instrumental in per-
mitting the achievement of its high sensitivity, is the provision for removing f ..ver-
whelmingly large ground clutter (or ground-backLcatter) return which serious,, mpairs
the effectiveness of noncoherent ionospheric radars. A series of crystal comb rejection
filters attenuates, by 70 to 80 dB, the large clutter signal (whose spectrum is normally
concentrated within one or two Hz of the center frequency and prf-associated harmonics)
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F without degrading moving-target echoes whose doppler shifts do not fall within the rejec-
tWa on notches.. These fa&"Lt ar deCA be V, ino,, &LC Ref~r11 W . 21, 44LU oneV iiUsAUb onLI UL
their value appears in Ref. 15.

The relative performance of the Madre system in each of these configurations may
be assessed with the aid of a figure of merit related to the radar equation:

fP, pt Gt Gr IX

(4r) 3 R4P&L

where

(Pr) denotes the average signal-to-noise power ratio at the output of the radar sig-

nal processor, 4ter all bandwidth-narrowing operations have been performed,

5 denotes the average transmitted power in watts,

Gt denotes the total effective gain of the transmitting anteitna expressed as a
power ratio,

G, denotes the total effective gain of the receiving antenna expressed as a power
ratio,

7/ denotes the coherent integration time in seco.ds, equivalent to the reciprocal
of the final predetection filter bandwidth,

X represents the transmitted wavelength in meters,

R denotes the target range in meters,

p, denotes the received noise power in watts per Hz,

L represents miscellaneous losses in the transmission lines and in the inter-
faces, and (most significantly) in the propagation medium, expressed as a
power ratio greater than unity, and

a denotes the target's radar cross section in square meters.

Over the 13.5-MHz to 27.0-MHz frequency band in which the observations which fol-
low have been made, the peak effective gain of the single antenna used for transmitting
and for receiving varies from approximately 15 dB to approximately 20 dB. The average
power transmitted is normally 100 kW. An estimate of the average noise power must in-
clude the effects of (a) atmospheric and galactic noise, for which a gross estimate of one
microvolt per meter noise-field strength per 10-kHz bandwidth may be taken (equivalent
to -160-dBW noise power per Hz for the Madre antenna aperture), plus (b) the less easily
quantized effects of man-made noise and cochannel interference. Several years of opera-
tion of the Madre radar in a very noisy, crowded radio-frequency environment have
enabled the operators to develop a rule-of-thumb in estimating noise power content. This
rule, which is taken here as the best available estimate of the artificial noise contribution
to the total noise power under Madre's normal operating conditions, is that the true total
noise power in a nominally empty channel nearly always will exceed the estimated
atmospheric/galactic noise power by 10 4B. For the purposes of this approximate per-
formance assessment, then, a noise power of -150 dBW per Hz will be assumed. The
range parameter will be taken equal to the range to the Eastern Test Range launch com-
plex, 650 naut mi from the Madre radar site. Miscellaneous losses can only be estimated,

SECRET
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LI
CUd all such lousse will be- tegieci.ed here except for D-layer absorption. Table 1 lists
the expected nondeviative path absorption (in dB) for various times of the day, season'-
of the year, and sunspot number (SSN), with the propagation in each case assumed to be
at or slightly below the maximum usable frequency (MUF). The loss figures for summer,
winter, and the equinoxes are placed into three subgroups corresponding to sunspot num-
bers of 10, 50, and 100 for local mean time (LMT) at 2-hr intervals between 0800 and
1800 LMT. A letter idiccting whether E-layer, F-layer, or E/F propagation is the pre-
dicted propagation mode for that listing appears with each loss figu,-e. Single-hop
propagation is appropriate in all cases.

Table 1
Estimated Nondeviative Absorption Values for Typical

Operating Conditions of the Madre Research Radar

Local Mean Sunspot Absorption (dB) and Ionospheric

Time Number Layer in Use

(LMT) (SSN) Summe Equinox
Sume it e I-

0800 1 10 2F 2F 2F
J000 10 3F 3F 4F
1200 10 12F 3F 5F
1400 10 18E/F 7F 15F/F
1600 10 24E 11F 21E
1800 10 24E 11F 15E
0800 50 2F 2F 2F
1000 50 2F 2F 2F
1200 50 12E/F 3F 6F
1400 50 20E 6F 12F
1600 50 24E 9F 14F
1800 50 25E 9F 9F
0800 100 2F 2F 2F
1000 100 3F 2F 2F
1200 100 9F 2F 4F
1400 100 16E/F 5F 8F
1600 100 21E 6F 11F
1800 100 21E 8F 11F

These data were extracted from a series of predictions performed for NRL by the
Environmental Science Services Administration using their empirical prediction routines
for ionospheric propagation.

For the various types of analysis represented in the analyses to follow, the coherent
integration time Tf varies between 1 sec and 10 sec (for the Madre signal processor with
fully effective coherent integration - this circumstance is probably approached for
missile-launch operations only when acceleg-ation processing is used, and even then only
when careful attention is devoted to matching the shifting-filter profile to a known mis-
sile acceleration profile from post-flight range instrumentation data). If a nominal 10-
dB-average signal-to-noise level is required for a low false-alarm rate combined with
a relatively high probability of detection, the minimum effective radar cross sections for
which Madre may be expected to yield useful data range between extremes of 3 x 101 m 2

(for the worst propagation case considered: summer evening E-layer propagation com-
bined with the least sensitive analysis bandwidth of 1 Hz and the lowest antenna gain of

SECRET
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15 ,dB Iind=A4ieA ,on Fig. .21- P79 -2 (fr,,,nc f, 1•,,^ 12 13 nonde-^ .at-. cv absorpt.on,

cases listed in Table 1, combined with the most sensitive analysis system bandwidth of
1/10 Hz and the highest antenna gain of 20 dB in Fig. 2). More than fifty percent of
Madre operations have been run at a frequency of fi om 15 to 16 MHz, however, and nor-
mal operations involve using the medium-sensitivity, 1/3-Hz bandwidth predetection fil-
ter. Furthermore, the probability distribution of expected nondeviative path absorption,
shown in Fig. 6 (extracted from Table 1), indicates that during more than fifty percent of
the usual operating day these losses can be expected to be 6 dB or less. Using these
criteria as gross indications of normal operation, the minimum effective radar cross
section for which the Madre radar may normally be expected to yield useful informationis approximately 960 m 2.

U,
w

Fig. 6 - Probabilityo
distribution of the 0
expected nondevia- L 8

tive path absorption

z
4

0 4 8 12 16 20 24

PATH LOSS (DECIBELS)

Finally, Table 2 lists the important parameters of the Madre radar as it has been
used in studies of ballistic missile launches from the Eastern Test Range.

Table 2
Performance Parameters of the Madre Radar

Parameter I Magnitude or Range
Pa tof Parameter

Frequency Band 13.5 MHz to 27.0 MHz
Average Power 100 kW
Peak Power 4.6 MW
A.,cenna Gain (including estimated 5-dB

imperfect ground enhancement) 15 dB to 20 dB
Pulse Length (at -20-dB points) 250 !isec to 800 psec
Pulse Repetition Frequencies 45, 60, 90, and 180 pps
Automatic On-Line Coherent Integration:

Storage Time 10 sec
Predetection Filter Bandwidths 1, 1/3, or 1/10 Hz

Off-Line (Sonalyzer) analysis predetec-
tion filter bandwidth 3 Hz

SECRET
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Purpose of this Report

The objective of the related investigations described in this report is to apply diag-
nostic ionospheric propagation techniques, such as computer-assisted ray tracing, to an
understanding of the influence of ionospheric phenomena on over-the-horizon radar. In
the present stage of these investigations a digital-computer ray tracing prugram has been
developed -which enables the user to perform analyses of the radar signal data due to
moving targets at single-hop range from the radar site. For this report the program has
been used to analyze radar data from several submarine-laa.oched Polaris A2 and A3
ballistic missiles (SLBM) launched on the Eastern Test Range from Cape Kennedy, Florida.

The coherent pulse-doppler feature of the radar signal processor permits a direct
measurement of the vehicle doppler shift, or velocity, and the spectral dispersion of the
radar signal permits analyzing the character oL the target as a reflector, in combination
with the effects of turbulence in the intervening medium. The use of ionospheric sound-
ings from points along the radar propagation path allows a model of the electron density
to be constructed from which propagation paths (or rays) may be calculated between the
radar and two regions of interest: (a) the region of the earth from which ground back-
scatter emanates, Rnd (b) the position of the vehicle as it moves along its trajectory.
This ray trace may be used in conjunction with the observed ground backscatter to refine
the ionospheric electron-density model utilized and to adjust the predicted or simulated
received signal amplitude with respect to path absorption. With these preliminary "con-
trols" achieved, the simulated propagation path may be used with received radar data
from the vehicle itself to analyze the target signature. It is hoped that, uitimate!y, thism
technique will be developed to a degree in which the variation of a target's echoing cross
section and the behavior of its echo spectrum can be used to deduce the effects of the
vehicle on its environment from their manifestations on ionospheric radar signals. A
subsidiary objective of this program, albeit one which is probably of greater ultimate
importance, is the study of the ground backscatter echo itself. It is hoped that the
ionospheric propagation analysis techniques pursued in this study can be used to deter-
mine the behavior of various types of terrain as scatterers of electromagnetic energy in
the shallow-incidence regime, which is difficult to investigate in a line-of-sight geometry
due to the uncertainties introduced by practical antenna parameters. It is hoped also that
the study of ground backscatter with these techniques can be helpful in refining the em-
pirical models of nondeviative absorption which are at present in a rudimentary stage of
development. Finally, it is proposed to use these ray-tracing analysis techniques to de-
termine the extent to which ground-backscatter information may be used as a diagnostic
device for assessing over-the-horizon-radar target-area illumination and for high-
frequency broadcast area coverage.

A detailed description of the digital computer ray-tracing program appears in Ap-
pendix A, and a subroutine which uses this program for the synthesis of ground-
backscatter profiles is described in Appendix B. The program is constructed to make
direct use of vertical ionospheric soundings or of true-height profiles which may be
determined from the soundings, to synthesize a spherically symmetric ionospheric layer
structure. Rays are calculated on the basis of a simple Snell's law treatment in a
spherically stratified medium of varying index of refraction, exclusive of the effects of
the geomagnetic field. The stratification is at present arbitrarily constrained to yield
strata with a constant thickness of 1 km, although a provision is included for permitting
the stratum-thickness to vary to increase the precision of the refraction treatment in
regions where the electron density changes rapidly with height. Simple reflection of
each ray about a vertical axis through the path midpoint is used for the downward portion
of its trajectory. Rays may be calculated for any elevation separation, although a sepa-
ration of 0.05 to 1.0 degree is used for most calculations. For calculating path absorption,
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ground and target illuminnitinn, n A rpt'vd Ivvr aigna, amnpltude from bt4.h ground b..-
scatter and targets, the variation of antenna gain with azimuth an, , -*ion is inserted
into the program. For ground-backscatter calculations, an integra:,, rformed
over the azimuthal pattern, whereas, for target-echo amplitude calcul,. ,, antenna
gain in only the target direction is used. For display purposes the spacin, of ray trajec-
tory lines is weighted on the ray plot in inverse proportion to the total relative power
density radiated and received in the appropriate direction by the antenna. For cases in
which ground backscatter alone is treated, this display represents a vertical cut of the
propagation geometry taken in the plane of the antenna beam center. For cases in which
a missile launch is treated (all the examples in this report are in thir class), the display
represents a collapsed ensemble, presented in a single plane, of ray paths computed in a
fan-shaped series of vertical planes which contain the radar site and the missile position
at different points along its trajectory. Figure 7 is a perspective drawing of three such
radar site-missile position planes. The three ray trajectories in Fig. 7 would appear
undistorted on a ray plot at their appropriate elevation positions, and the points PI, P2,
and P3 would be joined on this presentation in a much distorted facsimile of the missile
trajectory; this facsimile would be faithful only in showing the correct vehicle position
along each ray path.

Fig. 7 - Perspective view of three adjacent vertical planes
upon which ray trajectories are shown emanating from the
radar site and intersecting the missile trajectory

In calculating the ground-backscatter amplitude which is expected from a selected
ionospheric model, a full set of ray trajectories from the radar site to the illuminated
region of the earth at one-hop distance is calculated. Path absorption is calculated on
the basis of an empirical formula determined by Lucas and Hayden (22). A scattering
model is used in which the proportion of power available for diffuse scattering is deter-
mined arbitrarily (and a provision is nMade for an iterative procedure by which this pro-
portion may be adjusted to fit the actual amplitude of the received ground-backscatter
echo). A dependence of diffuse scattering amplitude versus elevation angle is also as-
sumed (with a provision for subsequent adjustment to fit the measured ground-backscatter
vriation in time delay). Rays then are repropagated from incremental areas of the illu-
r.minated region, using the same propagation geometry from each area as was used for the
initial ray to the illuminated region, and the contributions along all possible paths to the
site from all incremental areas in the illuminated region are summed and displayed
versus the path time-delay, on an amplitude-versus-time-delay presentation. Examples
of this presentation are given in the second part of this report, in comparison with the
received ground-backscatter signals.

SECRET
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The propagation analysis is also used to determine the predicted doppler shift and
the range to a target having known trajectory in the illuminated region. Doppler shift is
calculated on the basis of the rate of change of the phase path, and is presented versus
time after launch in a graphical display. Examples of this presentation are given in the
second part of this report, in comparison, with actual radar data in a similar format.

The second part of this report contains analyses of several Polaris A2 and A3
launches on the Eastern Test Range obtaý..ed by applying the techniques described above.
The principal effort in these analyses has been to determine the efficacy of the iono-
spheric propagation simulation in predicting: (a) the illumination of the single-hop
region from which the launches took place, (b) the onset and the loss time of target sig-
natures, (c) the doppler shift of target echoes, and (d) the intermittency of target echoes,

as caused by antenna parameters and propagation constraints. These analyses are not
presented as an exhaustive treatment of Polaris missile signature characteristics. They
represent the results of one stage of a continuously evolving program in ionospheric
propagation analysis, and should be expected to be augmented by additional signal infor-
mation and to be refined themselves as this program continues to develop.

COMPUTER-AIDED ANALYSIS OF OVER-THE -HORIZON
SLBM" SIGNATURES

The digital computer ray-tracing analysis described in the introduction has been
employed to study the over-the-horizon radar signatures from numerous Polaris A2 and
A3 missiles launched on the Eastern Test Range between 1961 and the present. Several
such missile-launch signatures are analyzed below, and this analysis may best be intro-
duced through an illustrated example. Eastern Test Range launch 2955, of May 25, 1964,
is a convenient vehicle for this introduction. The circumstances of the launch and the
radar illumination are summariz,4 in Table 3. Figure 8 is a photograph of the earth
echo acquired on the Mad-e radar receiver with 4.6-MW peak power and 100-kW average
power illumination at 15.595 MHz. This photograph is a display of the received echo
amplitude versus the time delay, and was taken at the first-receiver intermediate-
frequency (500-kHz) stage with no bandwidth-narrowing or detection. A time exposure
of several seconds was made to smooth out the typical 2- to 3-sec fading period of earth
backscatter, and hence to eliminate as nearly as possible the sampling effect of this type
of presentation. A sequence of calibrationpulsesof approximately 500-MV amplitude
appears on this photograph, with a spacing of approximately 5.5 msec.

Table 3
Data for Eastern Test Range Launch 2955

Pulse
Launch Radar Length Average

Missile Pcy RF Illumination
Type Time Frequency ps) (at -20 dB Power Modes(EST) (MHz) points) (kw)

(Asec)

Polaris A3 1415:03 15.595 90 700 100 E and F
Layers

The illumination represented in Fig. 8 results from a combination of E- and F-layer 3

propagation to the target region, with the near-range echoes attributed to E-lav.ýr illu-
mination and the intermediate and far-range echoes attributed to F-layer illumination.
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Fig.> 8 bevdgon-akcte
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TIME DELAY (MILLISECONDS)

Fig. 8 -Observed ground- backs catte r
distribution, 14Z5 EST, May 25, 1964
ETR launch 2955

The ionospheric electron-density profile which has been used for the computer simula-
tion was scaled from ionospheric sounding data acquired at the time of the launch from
ionosondes at Grand Bahama Island and Fort Belvoir, Virginia. These locations are
near the extremes of the propagation path used for coverage of missile-launch trajec-
tories, and the ionospheric data from them or other similarly located stations normally
are used as the basis for an interpolative estimate of electron density versus height.
This interpolated result is then assumed to hold throughout the ionosphere between the
radar site and the propagation path terminus, and from it is acquired a spherically
stratified layer structure from which ray paths are calculated. This one-dimensional
approach is presently being supplanted by a two-dimensional treatment which is, how-
ever, still incomplete. Figure 9 is a ray plot based upon this model. In Fig. 9 the peaks
and nulls of the antenna pattern are represented by compression and rarefaction of the
rays' separation in elevation, as described above. All dimensions appear in kilometers,
with the vertical scale expanded relative to that along the earth's surface by a factor of

33O0

tooo

Fig. 9 - Ionosphermc ray plot for ETR launch 2955
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Lwo. ThiS distuorzi is introduced simply to permit more detailed examination of the ray
trace, especially in regions where ray focusing is indicated. The missile trajectory is
plotted on this ray plot as a curved line originating at approximately 1170 km range, the
range of the launch point from the radar site. The abrupt termination of the missile
trajectory at about 190 km altitude occurs simply because this altitude is the highest one
for which range tracking data were available.

A limited amount of E-layer propagation at the lower takeoff angles is evidenced by
the relatively sharp reflection of the entire first antenna lobe at an altitude of approxi-
mately 110 km. Even the second-lobe ray paths are deviated substantially in this region,
both in their ascending and descending legs. This E-layer blanketing, in combination
with the position of the first antenna-pattern null, gives rise to a rather large void in
coverage of the missile trajectory between 110-km and 160-km altitude. From 160 km
to approximately 240 km, coverage is reestablished and can be seen to arise from con-
tributions due to both secohd-lobe and third-lobe radiation. It might be expected that the
missile signature acquired in this upper-aliitude region would be complex in doppler
shift and amplitude behavior, due both to the multiplicity of the propagation paths to the
target and to the focused character of the rays in some regions.

This ray trace has been used as the basis for describing a simulated ground-
backscatter power distribution, which appears in Fig. 10 in terms of received amplitude
versus time delay. The amplitude scale in this illustration, as on all simulated ground-
backscatter profiles to follow, is an arbitrary linear scale. This circumstance reflects
an uncertainty in the true amplitude, which is due to the present imperfect state of the
computer program. Current efforts are, in part, directed toward resolving this uncer-
tainty. The principal features of this illustration, in comparison with the actual meas-
ured values in Fig. 8, are that (a) it correctly predicts the near( st delay time at which
ground-backscatter energy is received and the farthest delay time at which first-hop
ground backscatter is received, and (b) it correctly predicts the position in time delay of
the second (F-layer) amplitude peak of the ground-backscatter echo. Its inability to pre-
dict the amplitude of the first (E-layer) ground-backscatter echo peak. correctly is not
necessarily indicative of a deficiency of the ray-tracing technique. The large E-layer
echo which was measured could well have arisen from a localized patch of sporadic E-
layer ionization (E.) which was not indicated on the ionograms. In fact, both the season
and the time of day when this measurement was made (late spring, midday) are notorious
for the prevalence of E, ionization.

W

4,

50 100 I50 200
DELAY TIME (MAJIS1ECONOS)

Fig. 10 - Predicted grouxnd-backscatt•
distribution for ETR launch 2955
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The aimuiaied ground-backscaiter distribution in Fig. 10 should be viewed simply as
a first iteration. A simple, isotropic dependence of backscattering coefficient upon ra-
diation takeoff angle was used, with no attempt to adjust this coefficient to more nearly
match the measured distribution. The amplitude of the simulated backscatter echo can-
not be compared in an absolute sense with the measured amplitude (and hence only a
relative amplitude scale is indicated), because no attempt has been made here to deter-

mine what proportion of the electromagnetic energy which strikes the earth is available
for diffuse scattering (and hence may contribute to the ground-backscatter echo). This
problem is a part of NRL's planned continuing effort in the analysis of ground backscatter.

Figure 11 contains a computer-plotted simulation of the doppler shift which would be
expected of a radar echo from the missile at all points on the trajectory in Fig. 9 which
are illuminated by radar rays. The discontinuous character of Fig. 11, particularly in
the interval between 45 sec and 100 sec (all times indicated are times relative to range
zero, or launch time), is due in part to the sampled character of the ray trace and also,
in part, to the limited accuracy of the computer operations. In some cases, similar dis-
continuous behavior can in fact be related to the existence of a multiplicity of ray paths
which strike the missile at different aspect angles, or to actual sudden changes in the
missile's motion; in the present case, neither condition exists. The void in coverage
between 110-km and 160-km altitude is represented by the absence of data between 122
sec and 142 sec in Fig. 11. The nearly vertical lines which characterize the doppler
shift behavior versus time at 120 sec and 142 to 144 sec in Fig. 11 result from true,
rapid acceleration of the vehicle in these regions. One additional point is of concern in

viewing Fig. 11 and all subsequent doppler-versus-time presentations: the Madre radar,
like all pulse-doppler devices, is limited in unambiguous doppler sensitivity by its

60

50

-4"

w30
C1.

0 20:

10-

0 -. . . . . . . ..1. .., ...... 1
0.0 100.0 200.0

TIME AFTER LAUNCH (SECONDS)

Fig. 11 Simulated signature for ETR launch 2955
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pulse-repetition frequency (prf). For the 90 pulse-per-second (pps) rate which was used
during this launch, the available unambiguous doppler interval extends from 0 to 45 Hz;
all data below zero (i.e., all negative doppler shifts, or receding targets) are "reflected"
into this interval, as are all data for the several continuous 45-Hz intervals through
which an accelerating missile's doppler shift passes. The nearly ve2tical lines actually
represent (in the 120- to 122-sec region) an acceleration from +13 Hz to -75 Hz, and (in
the 141- to 144-sec region) reflections via a multiplicity of paths which yield both an
approaching doppler shWft (+28 to +32 Hz) and a receding doppler shift (-89 to -94 Hz).
The fact that both approaching and receding components are possible in the latter time
interval is readily apparent from tre ray geometry near the end of the trajectory line
plotted in Fig. 9.

Figure 12 is a photograph of the
doppler shift versus time-after-launch
measured witn the Madre radar d.ring
the Polaris launch whose simulated sig-
nature appears in Fig. 11. The reader
should be cautioned in interpreting this
illustration that its format is not identical
to that in Fig. 11, because the doppler-
shift data are projected (or reflected)
here not into the 0- to 45-Hz frequency
interval, but into the -22.5- to +22.5-Hz
frequency interval. For convenience in
effecting a comparison between Figs. 11
and 12, the doppler-shift data from the
former are overlaid on the latter in the
appropriate format. In this illustration,as on others below, the overlaid lines are
drawn in white where the background is

Fig. 12 - Observed rgnature dark, and in black where the background
fir ETR launch 2955 is light. Some care must be taken in dis-

tinguishing the color changes along these
lines from true dashed lines, which also

appear in some figures. The line segments indicated by the few points near 140 to 144
sec in Fig. 11 are s,pplemented in Fig. 12 by dashed-line continuations in both direc-
tions, included to ir.dicate their approximate slopes. Also included in Fig. 12, at a dop-
pler shift of approximately +17 Hz, is a row of blobs at 0, 20, 60, and 180 sec after
launch. These blobs are simply timing marks.

One circumstance of the signal processor's characteristics, which manifest them-
selves upon all output data, is also of concern. The filter network which provides these
data is not capable of passing signals below an effective doppler frequency of 5 Hz.
This characteristic is imposed upon the lowest 5 Hz of the doppler-frequency-versus-
time presentation; hence, in the present case, no information between doppler shifts of
-17.5 and -22.5 Hz is displayed - the display is simply blank in this interval. In the
more common 0- to 45-Hz format, of which some examples appear below, all information
between 0 and 5 Hz will be similarly suppressed.

One final remark is pertinent to the circumstances of the comparison between the
simulated doppler-versus-time behavior and the obse.-ved behavior in Fig. 12. The un-
certainty in the actual launch time (up to 1 sec possible error) plus whatever operator error
may occur in the placement of the timing marks, when added to the effects of possible
motions in the ionospheric reflection region (which would be undetectable to the radar),
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Scom bine to prevent a precise placem f.nt of the sim ulated doppler-versus-tim e display on
the measured version. Approximately 3 sec leeway irom the nominal launch time has
been used (but no doppler-shift deviation) in view of these uncertainties, to permit a
striking, complementary orientation of the two plots. The signature onset at approxi-
mately 80 sec, its subsequent downward curvature and steep decline, the brief absenc" of
signature between 120 and 130 sec, and the ultimate reappearance of the signal all agree
extremely well with the simulated versio!' The two dashed lines may even be seen, with
only a small exercise of imagination, to correspond to parts of the later signature be-
havior. The observed signature also seems Lo terminate approximately at the same time
as the simulation. This circumstance reflects the frequent tendency of signals to cease
at missile burnout, the time when instrumentation data from which the simulation is con-
structed also cease.

A second, similar example of the comparison of compuler-simulated ground back-
scatter and SLBM signature data with the measured versions acquired using the Madre
radar is afforded by Eastern Test Range launch 2903, also of May 25, 1964. Launch and
illumination data are contained in Table 4.

Table 4
Data for Eastern Test Range Launch 2903

Pulse

Missile Launch Radar PRF Length Average Illumination
Type Time Frequency (pps) (at -20 dB Power Modes

(EST) (MHz) points) (kw)
(Iisec)

Polaris A3 1329:05 1.5.595 90 700 1 100 E and F
___Layers

This case is of particular interest in that the 46-min period which elapsed between
this launch and ETR launch 2955, which followred it, was adequate or small changes to
occur in the locations of the illumination amplitude peaks and nulls, but brief enough that
wholesale movement of the illuminated region, such as might stem from diurnal iono-
spheric effects, did not occur. Figure 13 is a photograph of the earth echo which was
made slightly after this first launch, but more than a half-hour before the second launch.
Comparison between Figs. 8 and 13 shows that although small shifts in the fine structure
can be discerned readily, the overall amplitude and general location of the ground back-
scatter e•;ho along the time base are not substantially different. A small amount of
growth ir the F-layer echo, which appears in Fig. 8 between 15 and 20 msec time delay,
can be seen to have occurred; hence, it may be expected that ETR launch 2903, the
earlier launch, will have yielded a less extensive F-layer signature than the later launch.
This expectation is confirmed by the data presented below.

Figure 14 is the computer-derived ray plot, determined from ionospheric sounding
data acquired near the extremes of the propagation path. In comparison with Fig. 9, the
ray plot pertinent to ETR launch 2955, it is clear that the F layer in the present case is
indeed capable of less refraction. None of the third-lobe contribution and very little of
the second-lobe contribution, which were rather intense in Fig. 9, can be found in Fig. 14.
The F layer provides some illumination of the missile trajectory in the 200-km altitude
region, but it should be noted that this illumination is quite sparse in comparison to that
indicated by Fig. 9. Figure 15 is the simulated ground backscatter distribution for the
present example, exhibiting an unusually peaked character. This illustration does
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Fig. 13 - Observed ground-
backscatter distribution. 1340
EST, May1 25, 1964, ETR
launch 2903

1300

00

Fig. 14 - Ionospheric ray plot for ETR launch 2903

Id

so 10o 150 200 250o
DELAY TIME (MILLISECONDS)

Fig. 15 -Predicted ground-backscatter
distribution for ETR launch 2903
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accurately predict the general location In time delay of the ground-backscatter echo and
properly reflects, by its peaked character, the comparatively pez.d behavior of the
observed version in Fig. 13 relative to that in Fig. 8. The positions of the two peaks in
this simulated version correspond roughly with the first ttnd last peaks on the corre-
sp,.,iding observed ground-backscatter profile. The small peak at 23-msec time delay
cannot be discerned in the observed echo of Fig. 13 and corresponds to weak F-layer
illumination which may yield an echo below the noise level.

A direct comparison of Figs. 10 and 15 should not be attempted; the vertical scale
of the latter is exaggerated by a factor of 10 in comparison with the former, and,
actually, the peak amplitude predicted in Fig. 10 ,s twice that in Fig. 15. Figure 16 con-
tains the simulated target signature for ETR launch 2903. This graph indicates a more
extensive F-layer contribution than does Fig. 11, but it should be remembered that little
energy was actually contained in the illumination which provided this component.

60-I
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N40

-21
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I ~a-,

I0

'"',,,- '",',"r"","l ....... I ........ I ........ r"'"'"l'"'"..................................................................................r"...,.I........,....,,-

0.0 IOOO 200..
TIME AFTER LAUNCH (SECONDS)

Fig. 16 - Simulated signature for ETR launch 2903

Comparison of the simulated ray plots (Figs. 9 and 14) illustrates the relatively less
intense predicted F-layer illumination of the vehicle in the present case, and comparison
of the observed ground-backscatter 'choes (Figs. 8 and 13) for the two cases indicates
that these predictions were indeed realized. The F-layer contribution in Fig. 16 must be
viewed as resultine trom extremely weak illumination and cannot be expected to appear
in the measured veý, 1, n. Figure 17 shows observed missile signature fr.- ETR launch
2903 and appears in the normal, 0. to 45-Hz doppier-shift format. The simulated sig-
nature behavior from Fig. 16 is superimposed or Fig. 17. Actual acquisition of the
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- target echo lagged the predicted acquisition
uy 4V 0CLo. A uwL L11LVJ -t- ou bee I urre -
sponds to the time at which the vehicle

' traversed the area in Fig. 14, where a
pronounced focusing effect is apparent in
the density of the rays.

SThis focusing effect is illustrated in
Fig. 15 by the high-amplitude peaks at 12

8 10- and 14 msec time delay, whose double
character arises from the multiplicity of

0-- paths which contribute to that same closely
0 6o 120 IOU bunched bundle of r: s. The observed sig-

TIME AFTER LAUNCH (SECONDS) nature falls precisely amidst the predicted
doppler shifts of the two contributions and

Fig. 17 - Observed signature is not shifted by any detectable amount
for ETR launch 2903 from the predicted doppler-shift values.

No substantial void in illumination coverage
is predicted in this case, in contrast to that
of ETR launch 2955 (Fig. 9), where a large

illumination vacuum was predicted immediately above the E layer. Correspondingly,
there appears to be an echo represented in Fig. 17 throughout the period from 90 to 136
sec after launch, which follows roughly along the upward leg of the predicted doppler-
shift curve. The echo seems to have been lost approximately 136 sec after launch, as
the vehicle entered the sparsely illuminated region above the E layer. It is interesting
that, in this case, the signature loss was definitely due to a cessation of illumination -
burnout occurred at 144 sec. The few traces which parallel the predicted line near 150
sec after launch could represent the vehicle's entry into the more heavily illuminated r
region at about 180 km altitude; however, the authors do nat attempt to claim these
traces as confirmed missile echoes. That this echo seemed to disappear at a slightly
earlier point than the previous one, and certainly was less intense than the previous one
in the interval where the vehicle was F-layer illuminated, is interpreted as evidence for
the success of the ray-tracing technique in treating even a rather diffuse, changing F
layer.

A third example of the computer simulation compared A-ith actually measured ground
backE•catter and SLBM signature data is the treatment of ETR launch 3670, of July 30,
1964. The pertinent launch and illumination data are summarized in Table 5. Figure 18
is a photograph of the ground-backscatter echo, taken as a time exposure over several
seconds, somewhat earlier than the launch period. Conditions were relatively unchanged
at the actual launch time, however; from those illustrated. Figure 18 indicates a rather

Table 5
Data for Eastern Test Range Launch 3670

Pulse
Missile Launch Radar PRF Length Average Illumination

Time Frequency (at -40 dB Power
Type' I(EST) (MHz) (pps) points) (kw) Modes

(g sec) j

Polaris A3 1130:03 18.036 90 700 100 E an( F
Layers

SECRET



SECRET NRL REPORT 6731 19

densea 1•. Im,, •a Ia onotc, .an,. E. mi 3rlI7 in .TJiv uwy h pnnti.ihitinn tn tho ar1nintl
backscatter echo which occurs between 10 and 15-msec time delay. The weaker F-layer
contribution is evident in Fig. 18 between 18 msec and the end of the trace at 25 msec
time delay.

10-

'05-

Fig. 18 - Obser-ed ground- J
backscatter distribution, 1050 _-
EST, July 30, 1964, ETR launch -
3670

I,-

I I
0 5 10 15 20 25

TIME DELAY (MILLISECONDS)

The simulation for this case was made from ionograms acquired near the launch
site and at Ft. Belvoir, Virgnia. However, a complication which arose in this treatment
required that the F-layer and E-layer contributions be treated separately. This neces-
sity stemmed from the circumstance that the same elevation-angle interval (i.e., the
same antenna lobe) was required to provide both contributions, and hence that the F-layer
contribution actually was a result of energy which (a) penetrated the E layer in the same
region from which some of the energy was reflected, (b) continued upward to the F layer
where it was itself reflected, (c) continued to the earth, was scattered, and (d) returned
to the receiver. The ray-tracing routine does not allow reflection and transmission of
energy at the same layer, and predicted initially that all energy would be reflected at
the E layer. The F-layer contribution was acquired only by rerunning the routine with a
slightly less dense and more nearly rormal E layer. Figure 19a is a ray plot of the E-
layer contribution, and Fig. 19b is a ray plot of the F-layer contribution, as determined
by the ray-tracing routine. If these two plots are superimposed, it is evident that con-
tinuous coverage of the missile trajectory is effected from approximately 25 to 120 km
altitude via the E layer, and from 120-km altitude to 150 km via the F layer.

-- 300

200

100-

"RANGE (K.L0METERS)

ý-'_4000

Fig. 19a - Ionospheric ray plot for ETR
ksunch 3670, E-layer propagation
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4000

Fig. 19b - Inospheric ray plot for ETR
launch 3670, F-layer propagation

Figure 20 is a graph of the predicted ground-backscatter profile with both contribu-
tions superimposed. Comparison of the graph of Fig. 20 with the actual measured
ground-backscatter profile in Fig. 18 illustrates the substantial success which the ray-
tracing approach can have in predicting ground-backscatter profiles. The two versions
display close agreement in (a) the time-delay interval and the general amplitude behavior
of the E-layer contribution, (b) the separation in time delay of the two contributions, (c)
the time-delay interval of the F-layer contribution, and (d) the relative amplitudes of the
two cor.tributions.

50 100 150 200 250

DELAY TIME (MILLISECONDS)

Fig. 20 - Predicted ground-backscatter distribution
for ETR launch 3670 with the E- and F-layer con-
tributions superimposed

Fig-are 21 contains the simulated doppler-shift behavior of the missile traveling

along the tra)ectory indicated on the ray plots, once again with both contributions super-
imposed. No void in coverage is indicated, with the vehicle illuminated from 50 sec to
140 sec after launch. Figure 22 shows the actual observed doppler-shift-versus-time
behavior. In Fig. 22 the data are ambiguous, as always, with all doppler shifts outside
the 0- to 45-Hz frequency interval folded into that interval. The predicted doppler shift
behavior is drawn on Fig. 22 tor convenience in comparison. The E-layer contribution
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Fig. 21 - Simulated signature for ETR lunch 3670
with the E- and F-layer contributions superimposed

Fig. 22 . Observed signature for
ETR launch 3670

is indicated by a solid line, and the F-layer contribution is indicated by a dashed line.
Time blobs appear in a line at 39 Hz. It is evident at a glance that the actual E-layer
coverage is not nearly as complete as predicted. This circumstance is partially a re-
sult of the sparse illumination (indicated by a low density of rays in Fig. 19a) of the ini-
tial part of the missile trajectory. It also lends some validity to the artificial suppres-
sion of the E-layer electron density which was necessary to reproduce the F-layer
contribution to the ground backscatter, and illustrates once again the difficulty of
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ionospheric propagation analysis in an environment of sporadic E ionization. The
ground-backscatter echo, as well as the direct ionospheric backscatter echo which is
received by a vertical-incidence ionosonde, represent the summed contributions from a
large region of the ionosphere and cannot display the likely localized character of spo-
radic E reflection regions. Radar illumination and reflection from a small target de-
pends on a point-to-point path which traverses only a small part of the ionosphere. The
characteristics of this smallpatchof ionosphere cannot be fully described by vertical or
oblique sounding methods which represent averaged results from large reflecting re-
gions. The study of sporadic E phenomena, as well as other localized ionospheric re-
flecting anomalies, forms a large part of NRL's planned future program in over-the-
horizon radar.

The E-layer contribution in Fig. 22 begins at approximately 75 sec after launch and
falls on the predicted doppler-shift line. Its disappearance at 90 sec after launch sug-
gests (by comparison of the missile trajectory with the ray-trace result) that the spo-
radic E ionization was localized to within 900 km of the radar site, permitting rays which
reached E-layer altitude at farther ranges to continue upward.

The initial onset of the missile signature at 75 sec after launch suggests that the E-
layer ionization was inadequate to support reflection at radiation takeoff angles exceed-
ing 5.3 degrees; this circumstance contradicts the ionograms which were used for the
ray trace, and permits the F-layer coverage which was indeed achieved. Reappearance
of the missile echo at ý,,)proximately f12 sec after launch corresponded to a missile
location where E-layer coverage was still predicted, but the propagation in this region
was nearly rectilinear; hence the echo observed could well have resulted from nearly
line-of-sight coverage by only slightly refracted energy. The F-layer contribution in
Fig. 22 obeyed the predicted behavior insofar as the resolution of the radar display per-
mitted, and the signal disappeared at the predicted time, suggesting that the layer-height
measured by the ionosondes for the F layer did indeed correspond to its true location.

July 30, 1964, also was a date on which two Polaris missiles were launched within a
short time of each other. ETR launch 3670, above, and ETR launch 3688, whose launch
and illumination data appear in Table 6, present a second opportunity to compare the
signatures of two identical missiles which were launched under very similar ionospheric
conditions. No earth backscatter photograph is available for this later period, but iono-
spheric conditions change slowly at midday in summer; hence, Fig. 18 may be consid-
ered approximately valid for the later interval as well. lonograms from the later time
were used for a propagation simulation, and, as in the earlier period, a separate treat-
ment of the E- and F-layer contributions was necessary. Figures 23a and 23b contain
separate ray plots for the two contributions. This later simulation, in comparison with
Fig. 19, predicts a slightly more dense E layer, and hence a closer-range leading edge
for the illuminated region. It also indicates a slightly lower and slightly more refractive
F layer, which would tend to bring the leading edge of its illuminated region closer to the
radar site. Figure 24 contains the simulated earth echo, although in this case the contri-
butions have not been superimposed, since they were not plotted by the computer to the
same scale. Figure 24a, showing the E-layer contribution, is compressed in amplitude
by a factor of ten relative to Fig. 19, and also to Fig. 24b, showing the F-layer contribu-
tion. The large initial peak in Fig. 24a, which is actually eight times the amplitudc ol
the earlier E-layer echo peak, arises from the highly focused bunch of rays which is
incident at about 1100 to 1150 km from the radar site in Fig. 23a. This component does
not make a contribution to the illumination of the missile trajectory. The smaller hump
in Fig. 24a is at the same position and same amplitude as the E-layer contribution in the
earlier period. The F-layer contribution in Fig. 24b is at the same amplitude, but it is
3.5 msec closer in time delay than that during the earlier period. This circurastance
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Tble
Data for Eastern Test Range Launch 3688

P tulse

Missile Launch Radar PRF Length Average Illumination
Time Frequency (at -20 dB Power m od

Type (EST) (Mde)(EST) (MHz)) points) (kw)
O(sec)

Polaris A3 1200:03 18.036 90 J 700 100 E and F!l Layers

2000

RANGE (KILOMETERS)

3000

4000

Fig. Z3a - lonospheriz ray plot for ETR launch 3688,
E-layer propagation

~300 
\

20000

RANGE (KILOMETERSý)

Fig. 23b - Ionospheric ray plot for ETR launch 3688,
F-layer propagation

would be expected to make the F-layer contribution to the missile signature appear
earlier than before. It should also be noticed in Fig. 24b that the F-layer earth echo
extends, at a barely discernible level, somewhat beyond that in Fig. 20.

Figure 25 contains, superimposed, the simulated doppler-shift profile from both the
E-layer and F-layer contributions for ETR launch 3688. Earlier acquisition of the tar-
get than for the previous example is predicted by virtue of the denser E layer, although
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50 100 150 200
DELAY 1IME (M'LLISECONDS)

Fig. 24a - Predicted ground-backs:atter
distribution for ETR launch 3688; E-layer
contribution

L_u
cr

50 100 150 200 250

DELAY TIME (MILLISECONDS)

Fig. 24b - Predicted ground-backscatter distribution
for ETR launch 3688; F-layer contribution

illumination of the launch point is in this case provided by a n il in the antenna pattern,

as indicated by the low density of rays at the launch point in Fig. 23a, and by the valley
at 9 msec delay in Fig. 24a. The F-layer contribution, as expected, appears earlier
than the F-layer contribution for the previous example. Figure 26 is the observed sig-
nature for ETR launch 3688, with the simulated signature from Fig. 25 superimposed.

As in Fig. 22, the predicted E-layer contribution appears as a solid line, and the
predicted F-layer contribution appears dashed. The earliest possible occurrence of the
missile signature is the small trace which appearc at the small, sharp peak on the pre-
dicted E-layer contribution in Fig. 26. This trace is not claimed as a verifiable missile
echo, however. The diffuse trace at about 80 sec after launch, between 30- and 45-Hz
doppler shift, is definitely a missile echo. No explanation of its displacement from the
predicted doppler shift is attempted, nor is any additional explanation offered for the
absence of other evidence of an E-layer contribution. The F-layer contribution, how-
ever, is distinguishc ' from that in Fig. 22 by its early appearance, intense character,
and long persistence. These qualities all are appropriate to the denser, more extensive
F layer which was pree-cted by the simulation. That the persistence of this F-layer
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Fig. 25- Simulated signature for ETR launch 3688.

The E - and F-layer contributions are superimposed.

I.

Fig. Z6 - Observed signature

for ETR launch 3688
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vehicle 3688 burno" out 6 sec earlier than the previous vehicle, for which a less exten-sive F-layer contribution was acquired.

An example of the computer simulation whi, h idustrates the degree of complexitythat can be introduced i~nto a missile signaturc "wlen there exists a multiplicity of propa-

gation paths is represented by the analysis of Eastern Test Range launch 0324 of Jan. 20,
1964. The pe,'•nent launch aDu Illumination data appear in Table 7.

Table 7
Data for Eastern Test Range Launch 0324

Pulse
Missile Launch Radar PRF Length Average IlluminationType Time Frequency JAN (at -20 dB Power m od

(EST) (MHz) points) (kw)
(g sec)

Polaris A3 1202:00 13.560 3 700 100 E and F
1 J J Layers

Figure 27 is a photograph of the earth echo
acquired at a period slightly after the launch,

Y3" indicating coverage from about 8-msec to 17-
msec time delay, with clearly delineated peaks

0 in amplitude at c,.0 msec, 9.6 msec, and 10.4
msec, a multiple peak between 10.8 msec and
11.2 msec, and another pronounced peak at 12
msec. The subsequent gradual decline in am-
.p.itude is complete at approximately 17 msec

A I 0 15 2 (the apparent peak at 16 msec is a calibration
TIME DELAY (MILLISECONDS) pulse).

The computer simulation, constructed as

Fig. 27 - Observed ground- 'ways from ionograms near both ends of the

backscatter distribution, 1225 pi nagation path, yi Lded the ray plot in Fig. 28.
EST, Jan. 20, 1964, ETR launch This ray plot indicates a complex mixtr:.e of E-
0324 and F-layer propagation, with F-layer coverage

RANGE (KILOMETERS)

Fig. 28 - Ionospheric ray plot for ETR launch 0324
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dominant at the far ranges, and E-layer coverage of primary importance within a 2000-
Skm rar6,e. Figure 29 presents the ground-backscatter versus time delay simulation,

which can be compared directly with Fig. 27. The simulated ground-backocatter plot
predicts the relative positions of the various measured peaks, their relative heights, and
the depths of intervening nulls to a remarkable degree. It displays a systematic lag in
time delay of approximately 0.5 msec, however, and also fails to predict as accurately
as in other cases the time delay at which illumination coverage begins. This failure is

not considered to be a serious one, however, insofar as the missile-signature data pre-
sented below indicate quite strongly that the close-in coverage suggested by the back-
scatt( - photograph, in contrast to the simulation, was actually not achieved in the direc-
tion of the missile-launch region. This circumstance confirms once more the opinion
that data acquired on a broadbeam antenna cannot be used reliably to predict the behav-
ior of a point-to-point transmission path.

50 too 150 200
DELAY TIME (MILLISECONDS)

Fig. 29 - Predicted ground-backsca~ter
distribution for ETR launch 0324

Figure 30 shows the simulated doppler frequency benavior of ETR launch 0324, and
(as promised) the predicted signature is rather complex. Different doppler-shift behav-
ior is indicated throughout the illumination period for two, and sometimes three, sepa-
rate paths. It should be mentioned here, as a reminder, that no prediction of illumination
amplitude has been made, and that the initial pericd of the simulated signature, beginning
50 sec after launch, actually corresponds to extremely weak illumination via high-angle
F-layer propagation. Figure 28 illustrates this circumstance on portions of the missile
trajectory immediatcly after the launch.

Figure 31 shows the observed doppler frequency vs time of the signature acquired
during this launch. It should be noted that the time scale in Fig. 31 is compressed rela-
tive to the time scale of previous illustrations of the same type by a factor of approxi-
mately 2.5; hence, detail is lacking in comparison. A row of time blobs appears at 30 Hz.
The straight slanted line rising from 13 Hz at 72 sec to 30 Hz at 138 sec after launch is
a contaminant and should be ignored. The presence of radio interference throughout the
launch period gave rise to many such extraneous responses and, in fact, contributed to a
general deficiency in system sensitivity which resulted in a degraded signature. Figure
31 is included here largely for completeness; of principal concern in its treatment is the
comparison of observed and predicted ground backLcatter for complicated propagation
conditions. . may be seen on this illustration that the two vertical stripes, at 124 sec
and 135 sec after launch, coincide with the period in which wide excursions of doppler
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Fig. 30 - Simulated signature for ETR launch 0324

frequency are predicted on Fig. 30. The onset
time of 124 sec occurs during the rapid-
accelt.ration phase of the missile flight, as in-
dicated on Fig. 30, and the fact that earlier
acquisition of the target was not effected indi-
cates that the E-layer and high-angle F-layer
propagation illustrated on Fig. 28 did not con-
tribute to the signature. Although the F-layer
coverage might be expected to be weak, the
absence of an E-layer echo is somewhat of a
surprise, and could possibly have resulted from
the decreased system sensitivity.

A sixth exampie of this more-or-less
standard, combination E- and F-layer propa-
gation coverage is represented iLy the analysis
of ETH launch 0'j38, of April 6, 1964. Pertinent
launch and illumination data appear in Table 8.
Figure 32 is a ground-backscatter photographS:• : taken a few minutes after the launch, displaying

•• ,continuous coverage in time delay from approx-
~� imately 6 msec to beyond 15 msec. The sharp

MT 'IbiC E peak in amplitude at 10 msec is simply a mem-

bei of the sequence of calibration pulses which
Fig. 31 - Observed signature stretches across the time base at 5.5-msec

for ETR launch 03Z4 intervals. The peaks in ground backscatter

SECRET



SECRET NRL REPORT 6731 29

Table 8

jPulse
Missile Launch Radar PRF Length Average Illumination

Type Time Frequency (pps) (at -20 dB Power
(EST) (MHz) points) (kw)I [ (Asec)

Polaris AZ 1130:03 15.595 90 700 100 E and F
i , Layers

Fig.3Z-Observed groun1 -backs-, atter
distribution, 1142 EST, Apr. 4, 1964,
ETR launch 0038

occur at two locations: between 7- and 9-msec time delay and, at a higher level, between
11- and 13-msec time delay. Ionospheric soundings taken at the extremes of the propa-
gation path could be treated only with similar complications to those involved in ETR
launch 3670. Separate treatment of the most intense E-layer contribution to the illumi-
nation was necessary to properly include the highest-frequency extreme of the E.-layer
ionosonde trace. Figure 33a is a ray plot of this E-layer contributioa. Figure 33b con-
tains the normal E-layer contribution (i.e., that which could be expected to accompany
the existing F-layer propagation), t)gether with the appropriate (but small) F-layer con-
tribution. Figure 34 is the total simulated distribution of ground-backscatter versus
time-delay. It should be noticed that, as has come to be expected, the positions of the
peaks in grcund-backscatter amplitude and the time delay positions at which coverage
begins and ends in Fig. 34 are remarkably faithful to the actual measurement in Fig. 32.
Howe,,er, it should be noted that in Fig. 34 the E-layer contribution, between 7- and 8.5-
msec time delay, is disproportionately high in relative amplitude. This effect is greatly
exaggerated in comparison to a similar but less apparent circumstance displayed in
Figs. 18 and 20, which stemmed from separate E- and F-layer treatments also. In both
cases this behavior may be at least speculatively attributed to the fact that the amount of
energy which was able to completely penetrate the E-layer (quite a large proportion in
the present case, as evidence by the large F-layer ground echo in Fig. 32) cannot be
treated in the present backscatter analysis program, in which partial layer penetration
is not permitted.

Figures 35a and 35b contein the simulated behavior of the missile's radar echo in
doppler Whift versus time after launch. Figure 35a represents the contribution due to the
strong, blanketing-type E layer, while Fig. 35b represents the contribution from the nor-
mal E and F layers. It should be noticed that, where these two illustrations coincide,
they predict nearly identical behavior. The former predicts earlier signal acquisition,
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iI

W200

RANGE (KILOMETERS)

F;, 33a - Ionospheric ray ploL for ETR launch 0038,
E-layer propagation

3000

Fig, 33b - Ionospheric ray plot for ETR launch 0038,
E- and F-layer propagation

0,

SO 100 150 200
DELAY TIME (MLLISECONDS)

Fig. 34 - Predicted ground-backs catter
distribution for ETR launch 0038 with
the E- and F-layer contributions super-
imposed
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Fig. 35a - Simulated siguatvre for ETR launch 0038, E-layer contribution
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Fig. 35b - Simulated signature for ETR launch 0038, F-layer contribution
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[ and the latter predicts later signal loss

plus a double propagation path between 70
sec and the end of the record. Figure 36
shows the observed version of this signa-
ture. The smears between approximately
20 and 50 sec after launch, and again be-
tween 85 and 110 sec after launch, are
associated with the vehicle. A line is also
drawn in Fig. 36 which corresponds to the
behavior predicted by the computer simu-
lation, with labeled solid lines to indicate
the E- and F-layer illumination regions,
and a dashed line to indicate the behavior
in regions where the simulation predicted
rather sparse coverage. (This sparsity

Fig. 36 - Observed signature is indicated by the low density of points in
for ETR launch 0038 Fig. 35b between 100 and 115 sec after

the launch.)

The measured data agree reasonably
well with the predicted data, principally

in the later E-layer illumination regions. However, radar echoes were acquired at the
beginning of the period in which a void in illumination coverage was predicted. s"•i cir-
cumstance is of particular concern in that the predicted void in illumination stt
largely from the supposed passage of the vehicle through the E layer and into an " i-
nation vacuum between the E and F layerc. That such a vacuum did not exist, at least for
several seconds after the vehicle passed through the expected altitude of the E-layer peak
electron density, is evident, and it can only be suggested that the actual E-layer peak was
somewhat higher than the ionospheric sounding data indicated. It is questionable whether
any data were actually acquired by F-layer illumination, although the small blob at about
135 sec after launch and 12-Hz doppler shift falls on an extension of the predicted F-layer
illumination line. It should be noted in this regzrd that radiation at the elevation angle
necessary for this F-layer contribution was rather sparse, due to the occurrence of an
antenna pattern null at that position.

The confirmed, missile-associated blob which occurs on Fig. 36 between 20 and 50
sec after launch does not fit well into the predicted doppler shift, although it does appear
at a point when the predicted doppler shift passes through a local maximum. The reader
is reminded that all doppler-shift information between 0 and 5 Hz on this photograph has
been suppressed by the signal processor; hence, no signal data should be expected to ap-
pear until about 70 sec after launch. The behavior exhibited in Fig. 36 is a common phe-
nomenon, however. The data acquired during ETR launch 3670, shown in Fig. 22, display
a slightly similar tendency to appear above the predicted doppler shift between 80 and 90
sec after launch, and those for ETR launch 3688, shown in Fig. 26, display a pronounced
displacement above the predicted doppler shift profile in this interval. These data also
were acquired duriag a period when abnormally high E-layer illumination required the
E- and F-layer propagation simulation to be conducted separately. Further evidence of
this behavior under intense E, blanketing is presented below. Tentatively, the interpre-
tation which the authors have chosen to apply to this behavior is contained in the follow-
ing list of alternatives (in order of credibility):

1. the sporadic E patches which were responsible for these contributions were
actually in motion at the indicated velocities, and with the turbulences indicated by the
wide doppler spread of the data (especially in the latter case),
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2. the broad spread of the data was in fact simply a result of a momentarily satu-

rating signal at some unmonitored stage of the signal-processing apparatus, which
served to broaden the spectrum of the ETR 3670 signature slightly and to spread the
spectrum of the ETR 0038 signature well above the 5-Hz lower limit of the signal
processor,

3. a target, such as a rapidly spreading shock front accompanying the vehicle,
actually possessed the proper doppler spectrum to yield the observed signal, or

4. an extraneous echo from a meteor, or a noise burst, coincidentally occurred at
the indicated time, in the appropriate range interval, and in the indicated doppler region,
to yield a spurious missile-like signature.

Eastern Test Range launch 0303, of January 26, 196.4, was also illuminated by E-
and F-layer propagation and, in fact, presents possibly the best example ever acquired
of the early portions of the signature which an over-the-horizon radar can obtain under
favorable propagation conditions. The geographical circumstance of the Madre radar's
location relative to the SLBM launch area on the Eastern Test Range is such that these
conditions are achieved only occasionally, when particularly intense E-layex propaga-
tion is effected; an operational over-the-horizon radar can be located so that favorable
conditions may be normal for expected hostile launch areas. Table 9 contains a sum-
mary of the launch and illumination data for this event.

Table 9
Data for Eastern Test Range Launch 0103

Pulse

Missile Launch Radar PRF Length Average Illumination
Type Time Frequency (at -20 dB Power ModesTim(EST) (MHz) (pps) points) (kw)

(gsec)

Polaris A2 1459:06 13.56 90 700 100 !E and F
Layers

Figure 37 is a photograph of the earth echo which was made, unfortunately, more
than 90 min before the launch. The usual behavior of even the midday ionosphere is
variable enough over such a time period as to partially negate the value of this photo-
graph for comparison with the computer simulation, which was based upon ionograms
acquired much nearer the launch time. The observed ground-backscatter echo should be
considered simply as an indication of probable conditions nearer launch time. Figure 37
shows illumination coverage beginning as close as 6 msec and extending approximately
to 16 msec in time delay, with amplitude peaks at about 9 and 12 msec. Figure 38 is the
computer-generated ray plot pertinent to this example, with an important E-layer con-
tribution plus a substantial F-layer component. It should be noted that Fig. 38 illus-
trates continuous, high-density illumination of the missile trajectory from shortly after
launch until F-layer penetration. Figure 39 is the simulated earth-echo c-"stribut-on
based upon this ray plot, showing peaked but continuous illumination coverage at a range
from 8 to 18 msec in time delay. This interval correlates reasonably well with the
measured ground backscatter of Fig. 37 and, in particular, displays a pronounced peak at
12 msec in time del-v, as does the observed version. This peak is directly attributable
to a focused bunch L- E-layer rays which pass just below the illumination void in Fig. 38.
The illumination peak observed in Fig. 37 at 9 msec is vestigial in Fig 39. Figure 40 is
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Fig. 37 - Observed ground-
backscatter distribution (near
launch time) on Jan. 26, 1964
for the ETR launch 0303
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Fig. 38 - Ionospheric ray plot for ETR launch 0303
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Fig. 39 - Predicted ground-backscatter
distribution for the ETR launch 0303
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2. the broad spread of the data was in fact simply a result of a moientarily satu-
rating signal at some unmonitored stage of the signal-proc essing appara us, which

served to broaden the spectrum of the ETR 3670 signature slightly and to spread the
spectrum of the ETR 0038 signature well above the 5-Hz lower limit of the signal
processor,

3. a target, such as a rapidly spreading shock front accompanying the vehicle,
actually possessed the proper doppler spectrum to yield the observed signal, or

4. an extraneous echo from a meteor, or a noise burst, coincidentally occurred at
the indicated time, in the appropriate range interval, and in the indicated doppler region,
to yield a spurious missile-like signature.

Eastern Test Range launch 0303, of January 26, 196.4, was also illuminated by E-
and F-layer propagation and, in fact, presents possibly the best example ever acquired
of the early portions of the signature which an over-the-horizon radar can obtain under
favorable propagation conditions. The geographical circumstance of the Madre radar's
location relative to the SLBM launch area on the Eastern Test Range is such that these
conditions are achieved only occasionally, when particularly intense E-layer propaga-
tion is effected; an operational over-the-horizon radar can be located so that favorable
conditions may be normal for expected hostile launch areas. Table 9 contains a sum-
mary of the launch and illumination data for this event.

Table 9
Data for Eastern Test Range Launch 0303

Pulse
Missile Launch Radar PRF Length Average Illumination

Type Time Frequency (pps) (at -20 dB Power Modes(EST) (MHz) points) ,,kw)
(usec) I I

Polaris A2 1459:06 13.56 90 1 700 100 E and F

LI_ 1 _ I I Layers

Figure 37 is a photograph of the earth echo which was made, unfortunately, more
than 90 min before the launch. The usual behavior of even the midday ionosphere is
variable enough over such a time period as to partially negate the value of this photo-
graph for comparison with the computer simulation, which was based upon ionograms
acquired much nearer the launch time. The observed ground-backscatter echo should be
considered simply as an indication of probable conditions nearer launch time. Figure 37
shows illumination coverage beginning as close as 6 msec and extending approximately
to 16 msec in time de'ay, with amplitude peaks at about 9 and 12 msec. Figure 38 is the
computer-generated r,.y plot pertinent to this example, with an important E-layer con-
tribution plus a substantial F-layer component. It should be noted that Fig. 38 illus-
trates continuous, high-density illumination of the missile trajectory from shortly after
launch until F-layer penetration. Figure 39 is the simulated earth-echo distribution
based upon this ray plot, showing peaked but continuous illumination coverage at a range
from 8 to 18 msec in time delay. This interval correlates reasonably well with the
measured ground backscatter of Fig. 37 and, in particular, displays a pronounced peak at
12 msec in time delay, as does the observed version. This peak is directly attributable
to a focused bunch of E-layer rays which pass just below the illumination void in Fig. 38.
The illumination peak observed in Fig. 37 at 9 msec is vestigial in Fig. 39. Figure 40 is
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after launch, and continuous reception from that time until mce than 130 sec after
launch. A multiplicity of paths is seen to contribute to the signature during much of its
duration. Figure 41 is the observed version of the missile signature, and, as suggested,
it represents the most complete Polaris signature yet acquired. There is a slight error
in the doppler-shift scale of Fig. 41; the appearance of a signal below 5 Hz (where none
should appear) suggests that the entire scale shouh, be lowered by about 2 Hz. This
slight adjustment would not materially affect the compariq,- 1tween the predicted and
the observed signatures. The high level of radio •-" .. CAce which existed during the
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S~Fig. 40 - Simulated signature for the ETR launch 0303
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launch contaminates Fig. 41 somewhat, but most parts of the missile signature are unaf-
fected. Superimposed on this illustration is an indication of the main features of the pre-
dicted signature behavior from Fig. 40. The simulated and measured signatures may be
seen to match extremely well from the predicted (and observed) onset time of 20 sec
after launch, until the signal was lost about 105 sec after the launch. The absence of the
signal after this time indicates that the F-layer illumination actually achieved may have
been much less intense than predicted, a situation which could stem from more intense
E-layer blanketing than was predicted. The pronounced, early signature displayed in
Fig. 41 suggests that the possibility of E-layer blanketing is, indeed, a strong one.

One more example of the combination of E/F layer illumination will be presented.
Table 10 contains a listing of launch and illumination data for the ETR launch 4941 of
September 28, 1964.

Table 10
Data for Eastern Test Range Launch 4941

Pulse
Missile Laurch Radar PRF Length Average Illuminationi Time Frequency ps) (at -20 dB Power m on

Type (EST) (MHz) I points) (kw) Modes

(psec)

Polaris A3 1130:03 13.68 90 700 100 E and F
Layers

3 Figure 42 is a time-exposure photograph
of the ground-backscatter echo taken immedi-
ately after the launch, and indicates the illu-

0 rmination of the 8- to 20-msec time delay
_-j' 0o minterval, with peaks in amplitude at 11 and 13

msec. The ewrth echo also displays a steady
W decline fiom 13 to about 15 msec, where a
M shal'ow hump appears, and a gradual decline

frclui this point to 20 msec, where the echo

"0 10 20 30 descends into the noise. Figure 43 is the

TIME DELAY (MILLISECONDS) computer-simulated ray plot, displaying for
the first time in this report the presence of
three ionospheric layers. The usual E-layerFig. 42 - Observed ground-

backscatter distribution at contribution is responsible for the nearest-
1105 EST on Sept. Z8, 1964 range illumination, iollowed by the contribu-
for the ETR launch 4941 tion from Pu F, layer at 140 km altitude, and

by the contribution from an F 2 layer at 180
to 240 km altitude. It should be noted that a
pronw•unced void in illumination of the missile

trajectory is predicted in this case between the 7. and F 2 layers, and a lesser void is
predicted (largely due to antenna lobe structure) between the E and the F, layers.

Figure 44, the simulated version of the earth echo, displays the same prominences
as Fig. 42. However, these prominences appear with a systematic lag of 1 msec through-
out the first 4 msec of the simulated earth-backscatter echo. This circumstance can be
interpreted to be the consequence of a g, adual E- and F, -layer downward tilt from north
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Fig. 43 - Ionospheric ray plot for the ETR launch 4941
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Fig. 44 - Predicted ground -backs catte r
distribution for the ETR launch 4941

to south along the propagation path. The F2 -layer contribution, which is represented by
the last large peak, is faithful to the measured data. This comparison of the simulated
and measured ground-backscatter echo suggests that, at least in this instance, the F, -
layer is more closely associated with the E layer than with the F2 iayer. Figure 45
shows the simulated doppler shift versus the time -after-launch profile, displaying quite
clearly the illumination void between the F, and F2 layers, in addition to an obvious
mixture of propagation path conicributions throughout the interval shown.

Figure 46 is the observed signature's doppler shift versus the time after launch,
with the important parts of the simulated signature superimposed on it. The verifiable
missile echo begins, nearly as predicted, at about 65 sec after launch, and although it is
displaced to a point amidst the three predicted contributions, it does follow the shape of
the predicted curves. A small component at 120 sec after launch, near 30 Hz, agrees
well in doppler shift and onset time with a small predicted trace at that point. A trace
with the same slope as that predicted appears to begin at that poiri•t and continue for sev-
eral seconds. The lower frequency E-layer echo, represented by the hump at 15 to 20 Hz
and at 85 to 105 sec after launch., d, sappears somewhat earlier than _s predicted, indi-
cating that the void in illumination coverage between the E and F, layers occurred lower
than predicted. The F, -layer contribution at about 30 Hz persists longer than expected.
This circumstance suggests that the F, layer actually was higher than either the simu-
lated or the measured ground backscatter indicated. The F2 -layer contribution enters
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Fig. 45 - Simulated signature for the ETR launch 4941

earlier than predicted aad yields a contribu-
40-, tion which falls along the dashed line segment

(which was included to indicate the missile's
expected doppler-shift behavior when it was
in the predicted illumination void). The ob-
served F, -layer contribution possesses the

(,,2.a same slope as the predicted version. The
gener .,y uncharacteristic appearance of Fig.

to.0 46 in comparison to other Polaris signatures
confirms the implication of Fig. 45 that a

i7%•!•.ii7" < ymultiplicity of proptgation paths seems to
41 .have contributed to the later portion of the

t ~ s~c~j~qS~..signature.

Fig. 46 - Observed signature E-layer propagation, due to its simplicity,
for the ETR launch 4941 is so easily treated by even the most rudi-

mentary of ray-tracing techniques as to be
useful principally as a check on the accuracy
of the methods used. The condition of E .layer

blanketing is valuable, however, because under the present geographical constraints it
affords the only -)pportunity for reliable illumination of a missile trajectory from the
moment of launch until E-layer penetration. The signature acquired from ETR launch
0303, treated above, is one example of the complete coverage afforded by E-layer illu.
mination, although in that case a substantial F-layer contribution occurred as well.
Eastern Test Range launch 0238, of February 3, 1964, represented another excellent
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C.f,•,PIC Of the signlai-e w'hI-ch a high-puwer, coherent over-the-horizon radar can be
expected to acquire under conditions of thorough illumination coverage. Table 11 con-
tains a listing of the pertinent launch and illumination data.

Table 11
Data for Eastern Test Range Launch 0238

Pulse
Missile Launch Radar PRF Lt ngth Average IlluminationTime Frequency (at -20 dB PowerType (EST) (MHz) (pps) points) (kw) Mode

!(Asec)I

Polaris A2fj : 9.7 j 90 700 ] 100 [ Eý Layer]

Figure 47 is a photograph of the ground echo somewhat earlier than the launch, dis-
playing illumination coverage from 7 msec to beyond 30 msec time delay. Only the first
20 msec, representing the first-hop illumination interval, are of concern in this analysis.
The first peak in coverage occurs at 8 msec, followed by a nuil at 10.5 msec and a series
of peaks between 12 and 16 msec. The subsequent null at 19 msec is the limit for single-
hop propagation. Figure 48 is the appropriate ray plot, showing that the first null in illu-
mination coverage is a result of the antenna pattern, and that the second, sharper null is
a result of both the antenna pattern and the cessation of first-hop illum-nation coverage

1.0
_j
0

Fig. 47 - Observed ground- 0
backscatter distribution at
1040 EST on Feb. 3, 1964 ,I
for the ETR launch 0238

_j

I I I I I I I
0 1 20 30

TIME DELAY (MILLISECONDS)

fl3003

'.4 200

100

RANGE (KILOMETERS)

Fig. 48 - Ionospheric ray plot for the ETR launch 0238
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in range. Figure 49 is the simulated ground-backscatter protile. Tins prolile agrees
remarkably well in the position of the earth echo and in the location of amplitude peaks

and nulls; it fails to predict the relative height of the peaks accurately, however, and this

fact once again attests to the vagaries of E, propagation: it simply cannot be properly
assessed with a narrow-aperture antenna.

Figure 50 shows the predicted doppler shift versus the time-after-launch for ETR

launch 0238, and this illustration indicates that illumination of the missile trajectory

should have been effected from launch time until the vehicle penetrated the E, layer at

I,

50 100 50 200
DELAY TIME (MILLISECONDS)

Fig. 49 - Predicted ground-backscatter
distribution for the ETR launch 0238

60

50

•40-:

UJ30-

020"10:

I0

0 .............

0.0 100.0 200.0
TIME AFTER LAUNCH (SECONDS)

Fig. 50 - Simul-ted signature for the ETR launch 0238
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1U ,ot• 2fter the launch. 'FiLure 51 contains the observed data with the predicted signa-
ture from Fig. 50 superimposed. As in a previous case the predicted data are positioned
along the time axis to yield the best possible fit to the observed data. As should be ex-
pected of such simple propagation geometry and thorough illumination, the comparison is
striking. The fact that such a striking fit can be achieved by shifting the time axis
slightly should satisfy the reader that this expedient, however arbitrary, is taken on ade-
quate grounds. Although continuous agreement exists between the predicted and the
measured data between 80 and 11C sec after latach, the earliest data appear to agree
principally on the basis of their general shape and orientation. The earliest observed
data, in agreement with the E. data for ETR launch 0038 (Fig. 36), are displaced by 2 to
5 Hz above the corresponding predicted data. This behavior is given the same interpre-
tation as in that previous case.

A second example of the simple, exclusively E-layer illuminated vehicle signature
is represented by ETR launch 2949 of June 23, 1964, for which data appear in Table 12.

lig. 51 - Observed signature
for the ETR launch 0238

Table 12
Data for Eastern Test Range Launch 2949

Pulse

Missije Launch. Radar PRF Length Average Illumination
Time Frequency M (at -20 dB Power ModeType FrWT) (MJy (pps points) (kw)

f I ~(1sec) I
Polaris A2 1731:02 15.595 90 790 100 EPoai 555 ___ ____ Layer

There is no photograph of the earth backscatter echo available for the period during
which ETR launch 2949 took place. However, the propagation condition at the time was
recognized as indicating complete E-layer blanketing, and vertical-incidence ionograms
from stations near the .•xtremes of the propagation path confirmed this diagnosis.
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Figure 52 is the ray plot determined from these soundings, showing a -moderate condition
of E-layer blanketing and illumination coveral, ) of the missile trajectory from the launch
point to the point of E-!ayer penetration at approximately 110 km altitude. Figure 53 is
the simulated ground-backscatter echo distribution, with a sharp initial peak followed by
a deep, antenna pattern-associated null at 9 msec time delay. The existence of this illu-
mination null indicates that the earliest portions of the missile's trajectory were only
sparsely illuminated. However, this circumstance zannot be used as a device for estab-
lishing the effect of the antenna pattern on signal acquisition (as might be attempted, for
example, in comparison with ETR launch 0238, for which intense illumination of the
launch point was effected and early signal acquisition was achieved) because, as the
simulated doppler shift profile of Fig. 54 illustrates, the signal is predicted to be below
the 5-Hz lower limit of detectability for 50 spc after launch. The missile does not have
adequate relative velocity to yield a detectable signal until it has entered the region of
intense illumination. The peculiar V-shaped discontinuity beginning 50 sec after launch
in Fig. 54 occurs as a result of a change in the vehicle's motion, not as a consequence of
the propagation geometry, or as an artifact of the sampling procedure used in the propa-
gation analysis; hence, on this occasion irregular behavior of the simulated doppler shift
profile can be expected to be seen on the measured version regard 35ss of the fidelity of
the propagation simulation. The remainder of Fig. 54 is more-or-less normal in ap-
pearance, with the abrupt predicted signal loss at approximately 113 sec after launch due
to E-layer penetration (10D-km altitude). Figure 55 shows the observed doppler 3hift
versus the time-after-launch with the predicted signal behavior from Fig. 54 superimposed.

R0 00 ANGE (KILOMETERS:) 000

Fig. 52 - Ionospheric ray plot for the ETR launch 2949

50 0o 15o 200
DELAY TIME (M11 USECONDS)

Fig. 53 - Predicted ground-backscatter
distribution for the E £R launch 2949
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Fig. 54 - Simulated signature for the ETR launch 2949

The earliest obvious appearance of the missile echo in Fig. 55 occurs at' • time and at
the predicted position in doppler shift of the V-shaped discontinuity. It is interesting a

that, in this case, there is not observed an early signal displaced by 2 to 5 Hz above the
predicted doppler shift, in contrast to other E-layer illumination examples. This circum-
stance confirms the notion that there exists no shock wave or exhaust-associated target
moving more rapidly than the rz.issile, which would be expected to be observed regularly.
The small trace at 40 sec after the launch, displaced by about 2 Hz above the triangular
peak on the simulated signature, is not claimed as a confirmed missile signature. The
remainder of Fig. 55 displays a close similarity to the simulated version, with signal
loss at about 113 sec after launch, as predicted. The sparsity of the measured data be-
tween 80 an(" 100 sec after launch is not explained, and most probably results from
physical effects related to the effective target size and target composition during this
period. An investigation of the physical mechanisms which affect missile target behav-
ior in the ionosphere is a part of NRL's current program in ionospheric research.

CONCLUSIONS

The analyses presented here, while preliminary to the extent that they are based on
an evolving propagation assessment technique, are consistent enough among themselves
and successful enough on the average, that a set of tent:;,ve conclusions may be drawn
from them. Table 13 is a compilation of successes and failures of the ray-tracing anal-
ysis, for the cases treated above, both for the prediction of ground-backscatter illumina-
tion and for the prediction of missile-signature behavior. It can be seen from Table 13
that the predictions (graded on a three-level scale of good, fair, or poor) are uniformly
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Fig. 55 - Observed signature
for the ETR launch 2949

Table 13

Tabulation of Successes and Failures of the Ray-Tracing Analysis

Efficacy of Prediction

Missile Propa- Ground Backscattert Missile Signature$
Launch gation I
Number Mod-._ Leading Trailing Relative Relative Onset Loss Illumi -

Edge Edge Peak Peak Time Tie nation Shift
I Plac a-nt Amplitude - Voids

2955 E/F Good Good I Good Fair Fair Good 1 Good ] Good
2903 E/F- Good Good Fair Good Poor Good Good Good
3670 E+/F Good Good I Good Good Poor Good Poor Good
3688 E+/F NO DATA Fair Good Good Fair §
0324 E/F Fair Good Good Go)d Poor Good Poor Good
0038 E+/F Good Good I Good Fair Fair Fair Fair Fair
0303 E/F 1 /F 2  NO DATA Good Poor Good Good§
4941 E/F Fair Good Good Good Good Good Poor Good
0238 E, Good Good I Good Poor Good Good Good Good
2949 E . NO DATA Good Good Good Good§

*The notation E/F- indicates a combination of E- and F-layer propagation, with only a
small F-layer contribution. The notation E+/F indicate3 such a combination with evi-
dence of some E-layer blanketing.

t]Predicted positions of leading and trailing edges of ground-backscatter echo are con-
sidered to be accurate if they are within 1/2 msec (approximately 75 km) of the observed
positions. Relative positions of peaks are considered to be predicted accurately if they
fall within 1/2 msec of the observed positions. Relative amplitudes of peaks are con-
sidered to be predicted accurately if they fall within 3 dB of the observed values.

*Times are considered tobe predicted accur .tely if they fall within 5 sec of the observed
values. The doppler shift is considered to be predicted accurately if the signature's
appearance conforms to the predicted curve shape, and values average within 10% of the
predicted doppler shift behavior.

§Because the measured ground-backscatter data were acquired at times which differed
substantially from the missile launch times in these cases, they were considered to be
of littl", use in making a comparison with predictions.
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good, with few exceptions, in predicting the placement of the ground-backscatter echo
and the relative positions of the peak-amplitude contributions. They are slightly less
successful in predicting the relative peak amplitudes, but the deficiencies in this regard
almost invariably arise from propagation circumstances which the ray-tracing technique
is not expected to treat accurately. The simulated missile signatures fit rather well in
most aspects, with the notable exception of signature onset time (and also the doppler
shift of the early E-layer echo in the same cases). This circumstance may also be at-
tributed to recognized uncertainties, principally with respect to the treatment of intense,
probably localized, possibly moving, sporadic E-layer patches. The inability of the
computer simulation technique to predict the behavior of missile echoes under these
conditions is not considered to be a deficiency of the analysis technique, but is regarded
as an inadequacy of diagnostic information concerning ionospheric layer structure. It
should be noted that in the cases where widespread, intense E, -layer blanketing was
known to exist, the simulated missile signature agreed extremely well with the observed
version. This circumstance should be no surprise to the reader, since it simply reflects
the fact that the ray-tracing analysis can be most efficacious in predicting missile sig-
nature behavior when the propagating medium is fully described.

It ca i be concluded from the analyses above, as indicated roughly by the data in
Table 13, that the ray-tracing propagation analysis technique is very valuable under
normal propagation conditions for predicting:

1. the location and the extent of ground-illumination regions,

2. the location and the relative intensity of localized peaks in illumination coverage
within these regions, and

3. the positions of illumination nulls and their attribution to either antenna pattern
effects or ionospheric layei structure.

With respect to predicting the behaviov. of rocket vehicles launched through well-
known illumination profiles, the ray-tracing propagation analysis may be seen to be
valuable in predicting:

1. signature onset and loss times,

2. doppler shift benavior, and

3. temporary signature loss due to illumination voids.

It may also be seen that the principal effects of incompletely understood illumination
conditions are uncertainties in:

1. signature onset time and

2. early signaturc doppler shift.

It is believed that these deficiencies may be expected only in an environment of exten-
sive, localized sporadic E-layer ionization. The actual movement of these localized
ionization regions is suspect as the source of imprecision in the doppler shift predic-
tions, while the inability of a narrow-aperture antenna to resolve the localized E, ioni-
zation patches is suspect as the ultimate source of imprecision in the signature-onset

- predictions. The value of a wide-aperture antenna for further investigations to resolve
this uncertainly is unquestionable. One further and more speculative conclusion may be

SECRET



46 DAVIS, HARDING, WILLIS, AND UTLEY SECRET

drawn from the two pairs of missiles which were launched within less than an hour of
each other. It should be noted in rnmnnrng hbth the groutnd -hbkscatter and tIh• ssille-
signature data (in particular from ETR launches 2955 and 2903) that (a) the small shifts
in location of the local illumination peaks within the relatively stable ground illumination
region were reflected clearly in the simulated ground-backscatter distribution, and (b)

the effects of such shifts in illumination distribution upon missile-signature appearance
are pronounced indeed. Hence, it may be at least suggested that detailed knowledge of
ground-backscatter echo fine structure is vital to the employment of these data in a
diagnostic role.

PLANS AND SUGGESTIONS FOR FUTURE STUDY

This .nitial attempt to use ionospheric ray tracing to study high-frequency radar
ground-backscatter and launch-phase rocket echoes has been gratifying in that its suc-
cess encourages further development of the technique so that more detailed study of
ionospheric propagation and earth- and target-scattering phenomena may be conducted.
There comes to mind a number of allie(. studies in ionospheric propagation which can be
conducted in concert with further improvements in propagation analysis by the ray-
tracing te;2-.:.que. It is believed that joint pursuit of experimental studies and theoreti-
cal and empirical propagation analyses can most effectively advance both areas of study,
and the list of pdanned and suggested study programs which follows is recommended as
being of the most immediate importance for this objective.

Target Radar Cross-Section Studies

It is planned to study che signal-amplitude behavior of signatures from over-the-
horizon launch-paase miss,!es to further refine the knowledge to be gained regarding (a)
the causes of scintillation effects observed in the signatures, (b) the behavior of metp'lic
bodies in rapid motion through the ionosphere as scatterers cf electromagnetic energy,
and (c) the relative contributions to signatures from these targets due to exhaust compo,-
nents, shock-boundary ionization, and the inert bodies themselves.

It is planned to attempt a comparison of the radar echoing behavior of rocket vehi-
cles traversing the ionosphere over a span of radio frequencies extending from the 10-
MHz lower limit of the Madre research radar to the 435-MHz upper limit of NRL's
vhf/uhf radar facility. This latter facility contains a steerable 150-ft-diameter para-
bolic reflector, and will soon contain a 5-MW peak power, 50-kwv average power vhf
transmitter. It is hoped that this radar will be provided with the necessary coherent
frequency sources so that its data may be analyzed by the Madre signal processor for
this investigation. The studies also will require detailed inspection of riAssile-sign are
data on a pulse-to-pulse basis, and is planned to use the Madre digital signal processor
in conjunction with NRL's CDC 3800 digital computer for the necessary data analysis.

Earth Backscatter Studies

A program of investigation into the scattering behavior of the earth ac oblique inci-
dence for decameter-length radio waves will b,- -onducted with the aid of improved ion-
ospheric ray-tracing techniques. The authors intend to construct a scattering model for
the earth at these wavelengths based upon a c,, parion of predicted earth backscatter
signals acquired from ray-tracing analysis wi - measured data. This study will require
the further development of two- and three-dimensional ray-trac.ag methods which are
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already under study at NRL, the Environmental Science Services Administration, Stan-
fnrrl TTrivarcrity, and•,ther places. it ',-is*'^ i to co..b-ine -- ". .. .itivestigatiun uf the
earth's behavior as a scatterer with an attempt to improve the knowledge of the non-.
deviative ionospheric absorption phenomena which can be studied with the aid of the tech-
niques being developed.

Wide-Aperture Antenna

It is proposed that an antenna or group of antennas be constructed to provide high
power handling (5- to 10-MW peak power, 100- to 200-kw average power) capability and
narrow beamwidths over the 6- to 40-MHz frequency band. This antenna or group of
antennas should provide a beam of approximately 3 degrees beamwidth in both the eleva-
tion plare and the azimuthal plane, with the former of primary importance. This beam
should be steerable in both azimuth and elevation, and the antennas should be constructed
so that they may radiate in either easterly or westerly directions. This antenna ensem-
ble will be used for (a) detailed study of the sporadic E-layer ionization which limits the
accuracy of propagation analysis in an environment of patchy ionospheric layer struc-
ture, (b) study of irregularity motions which may give rise to extraneous doppler shifts
in received echoes, (c) investigations of multipath and off-azimuth propagation and their
implications with regard to measurement accuracy in target positions, and (d) further
studies of the earth backscatter echo.

Speculations

Some applications of these techniques, together with other methods which may be
used effectively to augment them, & -i to have promise for use in an operational ver-
sion of an over-the-4orizon radar. In particular, it should be recognized that an iono-
spheric radar whose purpose is to survey a large geographic area and provide early
warning of hostile rocket launches from within that area must be capable of handling a
large volume of data on a continuous basis. The refinement of automated data handling
and analysis techniques is absolutely necessary if these data are to be handled efficiently
and if the maximum information is to be extracted from them. Of particular concern in
the context of "his renort is the possibility of extracting trajectory information from the
missile signature acquired by an ionospheric radar. It is believed that a useful estimate
of such parameters as rocket launch point, intended target area, time of flight, and pos-
sibly even certain trajectory parameters can be acquired from a refined ray-tracing
analysis of the type employed for the studies reported here, coupled with a certain de-
gree of knowledge (or an intelligent guess) of the hostile missiles to be expected. The
procedure of obtaining these itimates might proceed as follows.

1. Ionospheric sounders.. ., surveillance region (contained, perhaps, in buoys on
the Atlantic and Pacific Oc, ai' ' uuld automatically sample the ionosphere on a con-
tinuous basis and would telemnL their data in digital form to a computer at the radar
site.

2. A digitally cont,.-ied oblique sounder at the radar site would also sample the
ionosphp. e regularly to fill in coverage gaps and provide range and azimuth calibration
marks irom transponders located upon the ionosonde buoys.

3. A continual refinement of the ionospheric propagation model for propagation to
selected areas in the surveillance region would be accomplished by the computer, which
would use the digital data input from the various sounders plus earth-backscatter data in
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digital form from the radar itself. To permit near-real-time ionospheric ray tracing,
and to permit frequent adjustment of the propagation model, the ray tracing itself could
be carried out in a hybrid process. Digital data input could be used in conjunction with a
more rapid analog solution of the appropriate propagation equations to accomplish this
task.

4. Knowledge of some performance parameters of the tax gets expected (such as
velocity profiles, and staging and thrust termination times and altitudes) would be used
to generate expected missile signatures aFpropriate to likely launch points and target
areas. This process could be conducted in a hybrid computer also, and the resultant
signatures could be projected on radar display consoles or stored in a digital memory.

5. The radar operator would have a set of controls available for adjustment to alter
a postulated missile trajectory and mhtch an actual signature by adjusting launch and
target points and whatever other appropriate parameters could be manipulated by chang-
ing the analog computer settings. This function could also be carried out partially by a
digital computer, which could scan its memory for a stored sample signature which ap-
proximately matches the observed one and present this sample to the operator, who
could make final adjustments via analog computer parameter changes.

The employment of these techniques in an operational over-the-horizon radar will
require a substantial refinement in the methods of automatic pattern recognition and
hybrid computer operation. It will also require the development of digitally controlled
ioncspheric sounders and refinement of the methods for extracting and exploiting iono-
sonde data in digital form. These areas are of interest to NRL, and it is proposed that
they be pursued in connection with NRL's continuing efforts in ionospheric studies.

ACKNOWLEDGMENT

The authors are indebted to the staff of the Radar Techniques Branch, Radar Divi-
sion, for the acquisition of the large volume of data upon which these studies have been
based, and to Mr. Arthur Knopp, Search Radar Branch, Radar Division, for :. jainstaking
critical review of the manuscript which has resulted in several important iml-:, ements.

REFERENCES

1. Page, R.M., "Storage Radar," NRL Report 3532 (Secret Report, Unclassified Title),
Oct. 1949

2. Page, R.M., and George, S.F., "Magnetic Drum Storage Applied to Surveillance
Radar," NRL Report 4878 (Confidential Report, Unclassified Title), Jan. 1957

3. Jensen, G.K., and Gager, F.M., "Crosscorrelation Electronic Storage Radar," NRL
Report 5016 (Unclassified), Oct. 1957

4. Wyman, F.E.,and Zettle, E.N., "Magnetic Drum Storage Correlation Radar," NRL
Report 5023 (Secret Report, Unclassified Title), Nov. 1957

5. Davis, J.R., and Rohlfs, D.C., "Lunar Radio-Reflection Properties at Decameter
Wavelengths," J. Geophys. Res. 69:3257-3262 (1964)

SECRET



SECRET NRL REPORT 6731 49

6. Davis, J.R., Rohiifz, D.C., Siaggs, G.'., And Jusb, J.W., "Decalneter-iWave Radar
Studies of the Lunar Surface," Radioscience 69D(No. 12):1659-1667 (1965) (paper
S69D12-619)

7. Davis, J.R., Headrick, J.M., Rohlfs, D.C., and Utley, F.H., "A High-Frequency Ion-
ospheric Radar Study of High-Altitude Nuclear Detonations," NRL Report 5962

t (Secret Report, Unclassified Title), May 1963

8. Davis. J.R., and Headrick, J.M., "A Comparison of High-Altitude Nuclear Explosion
Effects in the E Layer with Variations in Geomagnetic Field Strength," J. Geophys.
Res. 69:911-916 (1964)

9. Ahearn, J.L., Headrick, W.C., Headrick, J.M., and Ward, E.W., "Sorne Skywave
Radar Constraints," NRL Memorandum Report 1811 (Secret Report, Unclassified
Title), Oct. 1967

10. Gager, F.M., Headrick, W.C., Morsan, G.A., Utley, F.H., and Zettle, E.N. "MADRE
Performance Part 1 - Very Lcng Range, Over-the-Horizon Detection of Alicraft
with the MADRE Radar," NRL Report 5862 (Secret Report, Secret Title), Dec. 1962

11. Gager, F.M., Headrick, W.C., Morgan, G.A., Rohlfs, D.C., Tesauro, C.B., and Zettle,
E.N., "MADRE Performance Part 2 - Observations of Feb. 8, 1962," (Unclassified
Title), "MADRE Performance Part 2 - Very Long Range, Over-the-Horizon Detec-
tion of Aircraft with the MADRE Radar," NRL Report 5898 (Secret Report, Secret
Title), Feb. 1963

12. Gager, F.M., Morgan, G.A., Tesauro, C.B., Skaggs, G.A., and Zettle, E.N., "MADRE
Performance Part 3 - Observations of February 12, 1962," (Unclassified Title),
"MADRE Performance Part 3 - Very Long Range. Over-the-Horizon Detection of
Aircraft with the MADRE Rdar," NRL Report 5991 (Secret Report, Secret Title),
Aug. 1963

13. Gager, F.M., .%Iorgan, G.A., Headrick, W.C., Tesauro, C.B., and Zettle, E.N.,
"•MADRE Pe' formance Part 4 - Observatons of February 15, 1962," (Unclassified
Title), "MADRE Performance Part 4 - Very Long Range, Over-the-Horizon Detec-
tion of Aircraft with the MADRE Radar,' NRL Report 6019 (Secret Report, Secret
Title), Jan. 1964

14. Ahearn, J.L., Headrick, W.C., Headrick, J.M., Tesauro, C.B., and Zettle, E.N.,
"Extended-Range Aircraft Tracking," NRL Report 6272 (Secret Report, Unclassified
Title), May 1965

15. Davis, J.R., Thomason, J.F., Hudnall, J.M., Boyd, F.E., and Utley, F.H., "The Spec-
tral Characteristics and Temporal Behavior of HF Radar Echoes from OTH Aircraft
Targets," NRL Report 6371 (Secret Report, Unclassified Title), Nov. 1965

16. Thomason, J.F., Hudnall, J.M., Utley, F.H., and Boyd, F.E., "Detection of Aircraft
Using OTH Radar," NRL Report 6508 (Secret Report, Unclassified Title), Jan. 1967

17. Jensen, G.K., and McGeogh, J.E., "Development of a Gate System for the Improve-
ment of the MADRE Radar, Part I - System Theory, Calculations and Planning,"
(Unclassified Title), "Development of an Acceleration Gate System for the Improve-
ment of the MADRE Radar, Calculations and Planning," NRL R-port 5876 (Secret
Report, Secret Title), Jan. 1963

SECRET



I
50 DAVIS, HARDING, WILLIS, AND UTLEY SECRET j

18. Jensen, G.K., and McGeogh, J.E., 7Developuieat of a Gate , ,stem for th.. improve-nient of the MADRE Radar, Part 2 - Development of Key Circuits and a Signal Simu-lator," (Unclassified Title), "Development of an Acceleration Gate System for the

Improvement of the MADRE Radar, Part 2 - Development of Key Circuits and a Sig-nal Simulator," NRL R•eport 5899 (Secret Report, Secret Title), Feb. 1963

19. Jensen, G.K., and McGeogh, J.E., "Development of a Gate System for the Improve-
ment of the MADRE Radar, Part 3 - Experimental Verification of System Theory by
Means of the Signal Simulator and Key System Components," (Unclassified Title),
"Development of an Acceleration Gate System for the Improvement of the MADRE
Radar, Part 3 - Experimental Verification of System Theory by Means of the Signal
Simulator and Key System Components," NRL Report 5900 (Secret Report, Secret
Title), Feb. 1963

20. Jensen, G.K., and McGeogh, J.E., "Development of a Gate System for the Improve-
ment of the MADRE Radar, Part 4 - Laboratory Evaluation of the Complete System
and Report of Recent Circuit Develupment," (Unclassified Title), "Development of an
Acceleration Gate System for the Improvement of the MADRE Radar, Part 4 - Labo-
ratory Evaluation of the Complete Acceleration Gate System and a Report of Recent
Circuit Developments," NRL Report 5926 (Secret Report, Secret Title), Apr. 1963

21. McGeogh, J.E., Tensen, G.K., and Uniacke, C.L., "k 100-kc Quartz Crystal Comb
Rejection Filter," NRL Report 5589 (Confidential Report, Unclassified Title), Feb.
1961

22. Lucas, D.L., and Hayden, G.W., "Prediting Statistical Performance Indexes for
High Frequency Ionospheric Telecommunications Systems, ESSA Technical Report
IER 1-ITSA 1, Aug. 1966

SECRET



SECRET

Appendix A

DESLCRIPTION OF RAY-TRACING COMPUTER ROUTINE

BASIC RAY-TRACING TECHNIQUE

Prior to computation, the programmer is given the option of inserting ionospheric
data in one of two forms: (a) as a true-height versus electron-density profile, or (b) as
unreduced ionogram data.

In the event that true-height versus electron-density profiles are unavailable and
ionogram data must be used, the virtual-height versus plasma-frequency data for the
ordinary wave are reduced via a Budden Matrix subroutine in the program.

The method of solution is one devised by K. G. Budden of CavCndish Laboratories
(Al), which involves the evaluation of a matrix known as the Budden Matrix. In this
method it is assumed that the relationship between the virtual height ; , and the true
height z, of reflection for vertical incidence is given by

h'(f) = 0 .'(A',f) da,

where N(a) is the electron density at height -, and Wi is the group refractive index. In
place of direct a -dependence, the electron density N(a) can be expressed as a function of
the plasma frequency f, (a), or

=(Z) r N(a )e" ]1

This relationship allows h '(f) to be expressed as

h'(f) = 0 ' [N(z)f) dz.

Assuming that a(f 0 ) is a monotonic function of f in the interval o _ fo f1, fo can be
made the variable of integration. Then we have

h'(f) .(f'fo) ao dr°

If h '(f) is given as a tabulated function at equal intervals of the frequency Aýf, then
one may define

h '(nLif) hn.

The integration is then divided into discrete intervals of magnitude Af. It is as-

sumed that in the mth interval (where m is an integer index).
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AfA

Here, z,, z(,,Af); i.e., z, is the height of reflection of a wave of frequency mA/.

Then

h , ' / • ( , / f o ) d / , 1 .

A matrix element M,,, ,, is now defined by

M. m :"•"/I z'(,,/f, fo) dfo for < n
1 1

fl Tfl = •- J ) fa- rn/

and by

"Ml,,, = 0 foi M > I?

A. is a lower trianguiar matrix, and h' = MWZ , where

ht

h' '

1 0 0 0

-1 1 0 0 ...

D= 0 -I 1 0

0 0 -1 0 ...

and

22

Z 23

zn

The product of the matrices Al and D is lower triangular and nonsingular. It can
therefore be inverted to give the soluticn

z D [10-1 h'
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To evaluate the elements Al., _ it is convenient to change the variable of integration.

Defining f,, '1 ., n p, the integral in the expression for Al• m becomes

Jsin ] 2 - 4'(f f san k)f ( s d

and can be evaluated by the method of Shinn and Whale (A2). The computer routine per-

forms this integration using Simpson's rule. The elements of the product AD are given by

Alt o 0 0
41 2 1 ~A/22 111,22 0 0

I I f - .l 2 1, 2 - IfI 3 3  0 .•

The inversion of this lower triangular matrix is then performed by Cholesky's
method.

After the electron density versus height has been determined, an interpolation is
performed using a sliding-parabola method. This method stores MO,) versus the true
height for every kilometer of altitude. The ionosphere is then assumed to consist of a
series of earth-centered concentric spherical shells 1 km apart.

For cases where a higher frequency is used and much of the missile return data are
from nonreflected (direct) rays, a Chapman distribution above the maximum electron
density of the F2 layer can be assumed. This distribution yields an exponential decrease
in N(M) versus height.

The electron density distribution for a Chapman layer is given by the relationship

N(h) = N0 exp[I -sec Y exp(-21

where z = h - ha x)!//, and X is thE -solar zenith angle. II is the scale height at h,. The
program calculates the solar zenith a.-fle at a point midway between the radar and the
point of origin of the missile to be observed. Alternatively, the programmer may select
the latitude and longitude where e is calculated. -,s x. can be iound for any location
from the equation

cos x = sin ýp sin 0 + cos a cos (es C.

where p is the geographic latitude, o is the solar declination, and a is the local hour
angle of the sun.

Snell's law is used to calculate the refraction of the rays through the ionosphere.
Figure Al is a sketch of the refraction geometry employed in the ray trace.

It can be seen in Fig. Al that, for the interfacE -,,ween the i th and the (i + 0) th
layers, s: n )3,n, sin ( . 1) nt I , where n, is the group index of refraction in layer i.
Also,
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1 n-1

EARTh

R0

0

Fig. Al Ionospheric refraction geometry
for the ray-tracing computer program

Therefore,

sin a z

and from Snell's law,

Using this equation, and given an initial angle of elevation, it is possible to trace the path
of any ray through the ionosphere.

Reflection of a ray is assumed to occur when a, + = 77/2. At this point

(ni,,)R, = Ron, sin a,.

Since the variation of the product (n, + )1, is a known function of height, the maxi-
mum height achieved by a ray for any elevation is determined. At this point the ray path
is reflected through a vertical plane and returned to the earth.

At some elevation angles, particularly at the higher frequencies, there will be rays
which are not reflected but which penetrate the F2 layer. These rays are refracted in
the same manner until they reach an arbitrary height of 200 km above the F2 -layer
maximum. They are labeled with a flag in the program to differentiate them from the
reflected rays contributing to the backscatter pattern.
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MISSILE *COVERAGE ROUTINE

Since the ionosphere being used is isotropic, each ray is assumed to lie in a plane.
For this reaso1 a Cartesian coordinate system with an origin at the center of the earth is
used to describe both the ray paths and the missile path. The straight-line path of any
ray between adjacent ionospheric layers is known as a ray segment and can be described
completely by the x and y coordinates of its end points. The missile data read into the
ccnputer are latitude, longitude, time after launch in seconds, and height above the earth
in kilometers. They are then transformed into the earth-centered coordinate system
u,.ed in the ray trace. Although the missile path does not lie in a plane, it is not neces-
"sary to provide for this fact in determining whether cr not any one ray and the missile
trajectory will intersr .. The height above the earth and the ground range froý,i the
ra:ar are the only c'.-termining factors.

The ray trace is begun by assuming an initial elevation angle for the ray. The first
ray segment extends fzom the radai site to the point where it reaches the first iono-
spheric layer; the x and y coordinates of the end points are placed in storage, and the
equation for this straii:ht-line segment is determined.

A parabola is then fitted to the first ti.r,-,e points of the missile trajectory. A test is
r,.=.Je to determine if an intersection between 'his parabola and the straight-line equati3n
of the ray segment exists. If a point of intersf :'. t is found, another test is made to de-
termine whether or not this intersecuion lies bet. . 0oth the end points of the ray seg-
ment and between the first and third points deterr'.qi.-,, the parabola.

If the intersection test is affirmative, the ray is said to intersect ",ith the missile
path, and the computer goes to an intersect routine (described in the next section of this
appendix). If it does not pass this test, the second, third, and fourth points of the missile
data are used to determine another parabola, and the process is repeated.

If the ray seogment does not intersect the missile path at any point, the program re-
initiates the ray-tracing routine, another ray segment is determined, and the process is
repeated. This procedure continues until the ray is either refracted back to the earth or
penetrates the ionosphere to a point 200 km above the F2 -layer maximum.

INTERSECT ROUTINE

When a ray intersects the missile path, the latitude, longitude, and time of the inter-
section after launch at determined using a parabolic interpolation in which the height
above the earth is the known quantity. These data are labelc MLAC'.NT, MLONINT,
and MTINT, respectively, and the height is designated MHINT. The program also stores
the latitudes, longitudes, times, and heights of the missile immediately before and after
the intersection.

Once the geographic coordinates of the intersection have been calculated, the bear-
ing of the intersecting ray must be determin-d. Since the refracting medium is assumed
to be isotropic, the ray then lies in a plane pass.,ng through the center of the ew.rth, the
location of the radar, and the point of intersection

For convenience, a new three-dimensional coordinate system is nov i fined by the
equations

x = r sin (6) cos (1),
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and
z r cosC()

where r is the distance from the earth's center, a is the colatitude, and I is the longi-tude measured east from Greenwich.

The latitudes, longitudes, and heights of the ray segments' end points are trans-
formed via these equations and stored as: XRAY1, YRAY1, and ZRAY1; and XRAY2,YRAY2, and ZRAY2.

The three latitudes, longitudes, and heights of the missile (those preceding inter-
section, those at intersection, and those immediately after intersection) are also trans-
formed, and labeled: XVMIS1, YVMIS1, ZVM1S1, XVMIS2, YVMIS2, and ZVMIS2; and

XVM1S3, YVMIS3, aad ZVMIS3. The points of intersection are XVMIS2, YVMIS2, and
ZVMIS2.

The velocity vector of the missile at intersection is determined from the equations

2 1 ~ 3 -t 22MV x2 - l) (t 3-t)2 + - t 2

(Y 2 y)t 3 -t 2
2 

+ (Y 3 - y 2 )(t 2 -t12
( ( 3 -t 1) ( t 3 - t 2 ) ( 2 - t )

and
(Z2 - 1 ) (t 3 -t 2 )

2  
+ (Z3-Z 2)(t2 -t 1 )

2

M!V," (t 3- t] ( -t 2M 2 -2 )

where

X,.= XV4ISi, etc.

VmIs = iMVz + jiffy + kMVz

The vector expressiuri foi the ray segment is simply

R - i(XRAY2-XRAY1) + i(YRAI2-YRAY1) + kI(ZRAY2-ZRAY1)

The aspect angle A between the ray and the missile at intersection is then

A =cos-' ___R_

and the component of velocity along the ray is

Vray klmisI cos (A)

The geomagnetic field is calculated at the point of intersection using the subroutine
labeled BFIELD. The method used involves the expansion of the scalar geomagnetic
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£ieald potential, including the quadrupole terms, In geographic coordinates and using
orthogonal Schmidt polynomials (A3).

The general scalar field potential can be expressed as the series expansion

V = 0o coo (m g)) + Am sin (mq)) P ft(O

"-• m-0

where

is the radius of the earth,

Tr is ti;;inciom the center of the earth to the point at which the fieldS~strength is desired,

n'"and Am are the Finch-Leaton coefficients,

(pis the geographic longitude measured cast from Greenw•.ch,

0 is the geographic latitude, and

1P0) are Schmidt polynomials.

SThe expression for the quadrupole field is

Fo

p1 (9) = (29)JT ni () o r Cos (te) g A coinae (in c
p0 (0) = Co s n 0 2, ]

2 2•3

and
p1 (0) 3 ..- sin 2 0.

2 2r

The Fineti-Leaton coefficients (A4) for the geographic coordinates (in cgs units) are

0 = -035 = 0. 0303

9 = -0.0277 A, = -0.,0190

74l _- 0.0590 g2 = 0.0158
12

go = -0.0152 A2 = 0.0024.
g2 2
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are ~ ~ ~ vcrpral-AL Of tube iA~agutetiu field induction (in cg; un its)

andn

where

BP [go0PIO( + (g1' Co 5+ h'si0 P19)]

+ 01 go P009) + (g' Cos 40 + h'sin k) P2'(0) + q2C os (245) +2 sin (20)] P22(0)}

BO 9 sin 9-(gcosc+ sinO) coo - ]

4:. ~ 2 i ( 91,g2 cosO+h~' sin(P) ~cos (29) + _9Cs(9)h sn( i cs

and

d I sin - h Cos

sin 9

+ 6.• 4 (g s in -( Cos k) P+I() + cosin (20) - 2A2 cos (2)] p2(8)+ 4• sin 222 2212 1

These components are transformed into the Cartesian system as follows:

B = i [sin 0 cos OBp + cos 9 cos OBO - sin OB,)

+ I [sin 9 sin 95Bp + cos 9 sin 1kBO + cos O1B0] + k[cos GB P - sin OBo]

The angle between the magnetic field and the ray at intersection, and the angle be-tween the magnetic field and the direction of the missile at intersection, are placed into ",storage for printout. These quantities are, respectively,

ABR = cos_ r1 RIR

and

A 3 B'VmiS 1
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±.1 IVA IMach nuab. uof tile ,lofissioun 4 ithersecgton is caicuiaied using the velocity of:"- , he missile and the velocity of sound at the height of intersection. A temperature -versus -

height curve is stored permanently in the program with the height ranging from 0 to 500
km. When the heigi.c of intersection is determined, a linear interpolation is performed
on the temperature-versus-height curve to determine the temperature at intersection.
The velocity of sound (in m/sec) is given by

S = 20.1 T,

where T is the temperature in degrees Kelvin. The Mach number is then

VImls S

S

The doppler return from the missile can be found from the component of velocity
along the ray, the pulse-repetition frequency (pif), the carrier frequency of the radar,
and the electron density at the point of intersection. Before computation begins the prf
and the carrier frequency are entered as input data. The phase velocity of electromag-
netlc waves at intersection is given by

where c Ls the velocity of light in free space and n, is the group index of refraction at•: the point of intersection. The expected doppler shift is then

Dop = [c p

wherev is the phase velocity at intersection, jvR' is the magnitude of the velocity com-
ponent of the missile along the ray, and f, is the carrier frequency of the radar. On the
radar display, however, the doppler shift of the received signal is folded about a fre.-
quency equal to one-half the prf. For example, for a prf of 90 Hz a true doppler shift
from 0 Hz to 45 Hz would not be altered, but a doppler return between 45 Hz and 90 Hz
would be displayed as a doppler return between 45 Hz and 0 Hz at the receiver, and a
true doppler shift of 135 Hz would be viewed as 45 Hz, etc. Therefore, for predicting
the appearance of doppler-shiffed signals on the radar display, a routine has been in-
cluded wi the program to compute the "folded" or "ambiguous" doppler.

The ground range, the group path, and the true slant range to the missile along the
intersecting rays are also calculated. In the ray-tracing process, the length of each ray
segment is added to a variable in storage labeled APATH, which has been preset to zero
prior to each ray trace. When the ray intersects the missile path the length of the ray
segment, from its point of origin to the point of intersection is calculated. Then APATH
is added to this length, and ",is sum, which is the slant range to the missile, is placed in
storage as SRANGEM. During the ray trace, in a similar manner, the length of each ray
segment divided by the index of refraction gives the group length of that segment, and the
group lengths are accumulated as a variable labeled TGRP. This quantity is set to zero
pi ior to each tracing. The length of the intersecting ray segment, from its point of origin
to the point of intersection is divided by the appropriate group index of refraction for that
segment and stored, and the value of TGRP is added. The resulting group path to the
missile is placed in storage as C-PATHM.
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The total length of the segments are added to APATH, until the tracing of that par-
ticular ray is completed; this quantity then gives the total slant range of th, ray. The
value of TGRP is Lreateca in tne same manner. The ground range to the missile at the
point of intersection is found by calculating the angle subtended in the earth-centered
system by a great-circle arc from the radar to the projection onto the surface of the
earth of the point of intersection of the ray and the missile trajectory. This angle is
multiplied by the average earth radius of 636R km to give the ground range. The total
ground range of each ray is found by accumulating the angles subtended at zhe center of
the earth by each ray segment until the ray has either penetrated the ionosphere to a
height of 200 km above the F2 -layer maximum or has returned to earth.

The antenna pattern is determined from the product of the separate calculations of
the vertical and the azimuthal patterns. A description of the method used for this proce-
dure is as follows: measured vertical antenna patterns for three different frequencies
from 0 degree to 30 degrees elevation are entered in permanent storage. The expected
vertical gain pattern at any operating frequency is calculated independently on the basis
of each of the three given patterns, yielding three values of the expected gain. The fina.,
vertical gain for any ray from 0 degree to 30 degrees in elevation is then obtained by a
weighted average of the three predicted gains. The weighting factor used is I , I^A - A. 1, i
where k. is the wavelength at the operating frequency, and *,m is the wavelength at the
measured frequency. This procedure makes the final result most closely approximate
the prediction from the measured gain nearest the operating frequency. The azimuthal
gain of any ray intersecting the missile is calculated by assuming that the bearing of the
ray is equal to the bearing of the great-circle arc from the radar site to the projection
of the intersection on the surface of the earth. The deviation of the ray from the center
of the beam (which had been entered as data prior to calculation) is then used to calculate
the reduction in gain due to the -'.imuthal antenna pattern. This operation is accomplished
by fitting a parabola to the dependence of the azimuthal gains upon the deviation from
beam center. The deviation from the center of the beam is also predicted from three
measured sets of data at three frequencies. The final gain of an intersecting ray is sim-
ply the product of the vertical and the azimuthal gains. No azimuthal gain is predicted,
however, for a nonintersecting ray.

OUTPUT

Plot

The following five plots are made from the original ray-tracing program:

1. A plot of the ray paths which do not completely penetrate the ionosphere, but
which return to the earth and thereby contribute to the ground backscatter. The missile
trajectory is also shown to give a visual display of radar coverage after launch. The
scale of height above the surface of the earth is expanded by a factor of two, and the
sept. 'ion of the rays in elevation is weighted according to the vertical antenna pattern
to give a better understanding of the coverage.

2. A plot of all rays which do not penetrate the ionosphere, but which are refracted
back to ekarth. This plot is incremented by 1 degree in elevation and has an undistorted
height scale. The missile path is also drawn on this plot.

3. A plot of the "folded" or "ambiguous" doppler, versus time alter launch, expected
from all intersecting rays.
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4. A plot of the Mach number of the missile versus the time after launch.

5. A plot of the true doppler versus the time expected from all intersecting rays.

Printout

Printout from the rays not intersecting the missile path consists of the following:

1. RACnUNT - an index which tells the ray sequence in elevation. At present the
increment i, ulevation angle is 0.10, i.e., Racount = 1 indicates Elevation = 0.10,
Racount = 2 indicates Elevation = 0.20, etc.

2. Elevation angle in degrees of ray number RACOUNT.

3. Total slant range of ray number RACOUNT from the radar to the intersection
with the earth.

4. Total group path of ray number RACOUNT from the radar to the intersection
with the earth.

5. Ground range from the radar to the intersection of ray number RACOUNT with
the earth.

6. The three vertical gains predicted for ray number RACOUNT, by the three meas-
ured vertical antenna pattea-ns.

7. The final gain obtained by a weighted average of the three gains printed above.

8. The words NO AZIMUTHAL SIGNIFICANCE for a ray which does not intercept
the missile.

"Printout from the rays intersecting the missile path consists of the following:

1. RACOUNT (same as before).

2. The elevation angle in degrees of ray number RACOUNT.

3. Total slart range of ray number RACOUNT from the radar to the intersection
with the earth.

4. Total group path of ray number RACOUNT from the radar to the intersection
with the earth.

A 5. Total ground range from the radar to the intersection of ray number RACOUNT
with the earth.

V 6. Time after launch at which cay number RACOUNT intersects the missile.

7. Height above the earth at which ray number RACOTUNT intersects the missile.

8. Slant range along ray number RACCIUNT from the radar to the missile.

9. Group path along ray number RACOUNT from the radar to the missile.
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10. Ground range from the radar to the missile at the point of intersection with ray
numbzer RACIOU±'T.

11. Bearing of the missile from the radar at the time of intersection with ray num-
ber RACOUNT.

12. Velocity of the missile at the time of intersection with ray number RACOUNT.

13. Mach number of the missile at the time of intersection with ray number
RACOUNT.

14. Aspect angle between the ray and the direction oL the missile at the time of
intersection,

15. The component of the missile velocity in the direction of ray number RACOUNT
at the time of intersection.

16. The doppler shift which would be expected at the time of inter-cection, assuming
the phase velocity of light to be 3 x 108 m/sec.

17. The actual doppler shift expected at the time of intersection ray number
RACOUNT, taking into account the rate of change in phase path.

18. The "folded" doppler which is actually displayed as a result of reflection about
one-half the prf.

19. The magnitude of the geomagnetic field strength at the point of intersection be-
tween ray number RACOUNT and the missile.

20. The angle between the geomagnetic field and the velocity of the missile at the
point of intersection with ray number RACOUNT.

21. The angle between the geomagnetic field and ray number RACOUNT at the point
of intersection with the missile.

22. The three vertical gains predicted for ray number RACOUNT from the meas-
ured antenna patterns.

23. The vertical gain of ray number RACOUNT computed from a weighted average
of the three predicted vertical gains.

24. The decrease in gain for ray number RACOUNT due to the azimuthal deviation
from the beam center at intersection with the missile.

25. The total gain for ray number RACOUNT, which is a product of the vertical and
the azimuthal gain factors.
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Appendix B

DESCRIPTION OF THE BACKSCATTER SYNTHESIS ROUTINE

The backscatter synthesis subroutine is available for use with the basic ray-tracing
program. Input data peculiar to this program are the twelve-month running average
sunspot number, the Greenwich hour angle and declination of the sun at the time of the
experiment, the time duration of the radar pulse, the maximum delay time (in millisec-
onds) at which the ground backscatter return for a one-hop mode can be expected nor-
mally about 25 msec), the peak power (in megawatts) of the radar pulse, and the ground
specular-refle-ction coefficient. The last parameter is at present arbitrarily assumed to
be 0.97. All other data are obtauLed from the ray-trace program.

An assumption basic to this routine is that the energy c-ntained between two adjacent
rays is distributed uniformly in elevation. Adjacent rays a. t said to form an energy
flux-tube which, when refracted and returned to the ground, illuminates an annulus on the
earth's surface. Figure BI illustrates a flux tube of elevation E and azimuthal width LO,
and the ground area illuminated by this flux tube.

RADAR

Fig. BI - Sketch of a flux tube of elevation E and azimuthal
angular width Ak between the radar transmitter and the
earth after an ionospheric traversal

The transmitted energy contained between two adjacent rays will undergo nondevia-
tive absorption as it passes through the ionospheric D layer. A ray which is refracted
back to the earth will pass through the D layer twice, so it is necessary to calculate the
absorption for both traversals of the D layer.

Referring to Fig. B2, a ray at an angle of elevation c will travel in a straight line
(assuming no atmospheric deviation) until it strikes the D layer at an assumed height of
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75 kin. The ground range from the radar to the - lJ -...

intersection of the ray with the D layer is given -
by

RADAR Ro 75

F 'RD =R 8L-~ [ 0 Cos(E W - E R0

L =R (Ro + 75) ]

where R0 is the radius of the earth. RD is also the
ground range from the intersection of the down- Fig. B2 - Ray geometry
coming ray with the D layer to its intersection for O-layer absorption
with the earth. calculation

Because the energy in the flux tubes is con-
tained between twc adjacent rays, the appropriate
parameters (elevation, ground range, and vertical antenna gain) averaged over a flux
tube are computed for use in these calculations.

Once RD has been determined the geographic coordinates of the radar and the aver-
age ground range of the flux tube are used to calculate the latitudes and longitudes at the
points of penetration of the D layer. The zenith angle of the sun at these points is calcu-
lated rusing the equation

cos X = sin 0 sin 8 + cos 0 cos 8 cG- a,

where 0 is the geographic latitude, 5 is the solar declination, and a is the local hour
angle of the sun.

The absorption for a single transit of the D layei (22) is given by

615.5 (1.0+0.0037S)[cos (0.881X)]'I.3 (f +  fh I.) 98S~Ab
"cos (0D

where

Ab is the absorption in decibels,

S is the running average monthly sunspot number,

f, is the frequency of the radar,

fA is the electron gyro frequency, assumed to be 1.42 MHz, and

OD is the angle of intersection between the flux tube and the D layer.

' This quantity is calculated for both the upgoing and downcoming D-layer transits of
each flux tube. Thd fraction of energy from each flux tube that returns to the ground
after absorption is then stored as RHOA(I):

RHOA(f) = exp(-Ab/8.7)

where I indexes each flux tube.

The ratio of the energy transmitted through a given flux tube I incident on the ith
annulus on the surface of the earth to the total energy transmitted is given by
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['E( + 1) - (M I Cos(i') Z ,, . ,, '
E47(I = I

where

G, is the average vertical gain at the initial elevation angle of the flux tube,

E(m) is the elevation angle of ray I which forms the lower boundary of the flux tube,
and GAZ is the azimuthal gain factor, which is an integration of the azimuthal gain pat-

tern over the entire beamwidth of the antenna at the operating frequency.

Here GAz is calculated using a six-point interpolation of the measured azimuthal gain
factors versus the frequency. This energy ratio, ERG(I), is calculated for all flux tubes
which return to the earth. The ray-trace program makes available to the backscatter-
synthesis subroutine the ground range from the radar to each return.ag ray, so that the
distribution of the energy on the ground versus the distance from the radar can be
calculated.

The backscatter-synthesis subroutine divides the ground range from the radar along
the center of the antenna beam into a series of 4-km increments. Starting with the first
increment (which extends 4 km in ground range from the radar), the segment is added to
a variable labeled RANGE (J), and a search is made of all flux tubes for any which return
to the earth and overlap or partially overlap this segment. If there is no flux tube return-
ing to this segment, the next segment is added to RANGE (J), and the search is repeated.
When a flux tube is found to overlap a range segment, the energy ratio in this segment
from the flux tube is calculated, using

=[ERG(I )J R..ES E&( J = - 'F
RF

where R, is the ground range over which the flux tul. is distributed and R/ is the ground
range inside the segment which is overlapped by the flux tube. If the segment lies en-
tirely within the flux tube, R, = 4 km. A search is made of all other flux tubes, and all
energy ratios in this segment are accumulated and stored as ERGT (J). The entire proc -
ess is repeated until a complete distribution of energy ratios versus ground range from
the radar has been calculated.

Then RANGE (J) is converted to RANGE (J - 0.5) to consider the energy ratio at the
center of each segment. The energy ratio in each segment is converted to average power
using the relationship

P
Pj = [ERGT(J)](prf) 2 (pulse length),

where pr f is the pulse-repetition frequency, Pt is the peak power, and ERGT(J) is the
energy ratio. A factor of one-half is necessary to account for the cosine-squared pulse
shape.

A semilogarithmic plot is then drawn of P,, in decibels below 1 mW versus RANGE
(J).

UTpon striking the earth, a certain percentage (p.P) of the incident energy is specu-
larly reflecLed; the remairder (1 - pP ) is diffusely scattered. The diffusely scattered
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energy is allowed to return to the radar either via the same flux tube by which it arrived
or via any other tube whose area on the surface of the earth is wholly or partially within
the area subtended by the initial transmission flux tube.

For return via the same mode, the entire amount of energy,- modified by the scatter
pattern, is available for retransmission; the fraction of the arrival energy available for
return by this mode is given by

E, At t

where A0 is the area common to both tubes on the earth's surface, At is the area of the
transmission tube on the earth's surface, and Et i3 the arrival energy.

SAll return m odes are m odified by a scatter pattern K(M) according to their eleva-I tion angle of departure. Although the scattering pattern is in general dependent on the
I,7 terrain and the frequency, it is assumed in this subroutine that the scatter pattern is

dependent only on the elevation angle of departure. For the calculations in this report
KM() is allowed to be isotropic, although the programmer has the option of choosing a
scattering coefficient which varies as even powers of sin e, where E is the angle of
departure. A feature is being added to this subroutine to permit a variety of scattering
models to be used.

The radar pulse length r is read into the computer prior to computation. The pulse
length in milliseconds is divided into twenty incremental units of time; each time unit is
considered to be a small rectangular pulse of duration 8'r. The backscattered energy
returned to the radar is calculated for each of these small incremental pulses, and the
contributions from all pulses are integrated to obtain the total energy returned from the
original cosine-squared radar pulse of length r.

The arrival energy from an incremental pulse Sr for any transit tube, bounded by
rays labeled with the integer indices I and I + 1, is given by

[PIt I] DTI ][1 [GAZ][RHOA()l](cos E) [E(I + 1) - EM(I);• Et =477

where

Pt is the peak power,

Sr is the incremental unit of time,

S• is the average vertical gain between rays I and I + 1,

GAz is the azimuthal gain factor (a 40-point Romberg integration, interpolated
for the operating frequency irom six stored frequencies ranging from 10
MHz to 30 MHz),

RHOA(I) is the nondeviative absorption calculated for this tube, and

E•(1) is the elevation of ray number 1.
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.. ,, ~ ~ 1 IM•., ,,.xs ".. • . vL - , 7 .vedlab. for" k'tturn throug any iube, bound d b
rays labeled wvtth the integer indices J ¢and J + 1, is given by

wMhere E, is the arrival energy from a '-ulse of duration Sr, Aj is the ground area com-
mon to both tubes, A, is the ground area covered by transmitting tube 1, p.P is the frac-
tion of energy which is specularly scattered, and K(CE) is the ground scattering coeffi-
cient for energy returned via a tube with an average departure angle 'E.

The solid angle f) by which the scattered energy is returned for the Jth tube is
given by

PT AO ['(,JII - C(J)] CoB . J

where t64 is the azimuthal increment. The energy diffusely scattered into the flux tube
is given by

(IT) 1
EDIF = (AV)2 1

?

The factor 1/2 accounts for random polarization of the returning energy. The
energy ED/F returning through tube J is subject to nondeviative absorption as it passes
through the D layer. This absorption has been calculated for rays J and J + 1 by the
ray-tracing program, and is labeled RqOA(J) and RHOA(J + 1). The average absorption is
calculated for this flux tube and labeled RHOA(J) . The total energy incident on the ground
at the position of the receiving antenna is then given by

EG = (EDIF) [RH--- I-•]
This energy must be further reduced by the ratio of the effective antenna aperture

to the area subtended on the ground by the flux tube J.

The area subtended at the antenna by the returning flux tube is given by

AAJT [Sin [-)i•(A)GRRANG(J+1) - GRRANG(J)](ro) 9 in M W1,

wbere

GRRNG (J) is the ground range covered by ray number J,

S0 :s the radius of the earth,

AO is the increment in azimuth occupied by tube number J, and

T. is the average elevation angle of tube J.

The effective aperture of the antenna is given by

4•7f 2
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Swhere

c is the velocity of light,

Gj is the average vertical gain of the antenna for a ray returning at an average
angle of elevation Tj, and

f, is the operating frequency of the radar.

This ratio is then given by

ARA T : c "___j

477 sin (--E f' AOro sin ]- [GIIM\NG(J + 1) - CGIIIANG(J))
Lt r

The energy from an incremental pulse of duration T, transmitted through flux tube I

and returned through flux tube J, which is received by the antenna, is then

10E1 GAR IT

The power received due to the incremental pulse of duration ST is determined by dividing
the total energy received from this pulse, (ETOT) I j, by the difference between the maxi-
mum and the minimum delay times (TD max - TDy n ) at which energy is received due to
this pulse.

The minimum delay time is calculated by adding the smallest delay time possible,
for that portion of transit tube I which impinges upon the area common to both transit
tube I and return tube ., to the smallest delay time possible for that portion of return
tube J which exists from this common area. The maximum delay time possible is calcu-
lated in a similar manner. The power received by t-is incremental pulse is then given by

:_ (ETOT) I j
"P t W =,J TDmin < t < TDmax

TDIJ.. y x TlDnin = = J

The actual pulse shape is given by
t2

f( I." I PT os

where i is the pulse length.

To obtain the total power received from all modes of propagation, all the (Ps,)
must be summed along the delay time base. This sum is labeled PsTW. LI

If at some delay time t = m 67 (where m is an integer index) greater than the pulse
length -r the first increment of I'ie pulse is superimposed upon the P,, distribution, then
the second increment is superimposed at delay time (m- i) 8T, the third increment is
superimposed at delay time (m - 2) ST, and so forth. The final, nth ST increment of the
pulse will be superimposed on the P8 distribution at (m - n) Si-. This is illustrated in
Fig. B3.
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Fig. B3 - Illustration of the use.of convolution
to yield the amplitude of the received ground-
backscattered energy due to an illuminating
pulse of arbitrary pulse-shape

The power received at some delay time t is then given by

P(mS-r), T P,.(m-k+1)f(k5,r).
k=i

The power P(m 8) in decibels below a millivolt versus the delay time is plotted on q
semilogarithmic scale. This power P(t) is then converted to voltage, and the voltage
v(t versus the delay time t is plotted. The plot of voltage versus delay time yields the
predicted backscatter pattern, which may be compared with rhe measured ground back-
scatter.
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